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FOREWORD
This thesis is an extension of the research theme “Tectonic mode switches 
and the nature of orogenesis” undertaken by the Structure and Tectonics 
Group at the Research School of Earth Sciences at the Australian National 
University, Canberra. The impetus to conduct research in the field of 
tectonic reconstruction is stimulated by the reality that mode switches 
and orogenesis are some of the most significant manifestations of plate 
motion. Thereby, understanding plate motions in greater detail, by way of 
tectonic reconstruction, could help us unravel the complexities associated 
the evolution of mountain belts, and in turn to allow us to test potential 
relations with resource accumulation. We are able to utilize the results of 
our reconstructions to test resource exploration paradigms, and potentially 
assist in the development of new methodologies.
An attention to resource accumulation, in particular trying to determine 
when and where precious metals appear to be emplaced when tectonic mode 
switches take place, requires us to link what we see at Earth’s surface to the 4D 
geometric evolution of subducting slabs at much greater depth. Consequently 
my supervising panel recognized a need for tectonic reconstructions that 
account for upper mantle processes in conjunction with more traditional 
analysis of surface plate dynamics.
At the start of this project, in mid-2009, work started on analysing the 3D 
geometry of the upper mantle beneath Andean margin of South America. The 
Andes, and the underlying mantle, were chosen due to the vast availability 
of open-source data, in particular earthquake hypocentres, tomography, and 
importantly a large number of ore deposits. However, whilst I was conducting 
this work I was also continuing with the research undertaken as part of my 
Honours Thesis. My Honours research involved analysis of the tectonics of 
the Papua New Guinea region. There were numerous avenues for further 
research that I was exploring, independent of the work I was conducting 
for my PhD regarding South America. It follows that during a meeting with 
i
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AngloGold Ashanti (the company that funded my initial work on South 
America) at the midway point of my PhD program, it was decided that the 
work already conducted on Papua New Guinea tectonics had application to 
the research on the Andean margin, albeit as part of a more philosophical 
exercise regarding the method of tectonic reconstruction. Consequently my 
PhD research expanded to include analysis of both the Andean margin of 
South America, and Papua New Guinean region of the SW Pacific.
This remodelled PhD project acquired the interest of various resource 
companies. Marengo Mining Ltd, Newmont Asia-Pacific Ltd, Teck Australia 
Pty Ltd, and VALE Exploration Pty Ltd., joined AngloGold Ashanti in 
funding this research. The aim of the research, now adapted to include both 
the Andean margin and Papua New Guinea, was further altered to include 
less focus on studying resource accumulation. More emphasis was placed 
on testing various techniques and software used in tectonic reconstruction, 
under the guise of “4D tectonic reconstruction”.
An obvious challenge when working with relatively “untested” software, and 
new methodologies, is that technical issues invariably arise. However, the 
alternative view of this is that the majority of software used in this project 
was being developed in conjunction with the research, allowing input to 
be given regarding the software design and implementation. In doing so 
we have developed a suite of methods that form the basis of 4D tectonic 
reconstruction – a tool that could be applied to regions both inside and 
outside those examined in this thesis, providing an alternative approach 
that could challenge conventional notions regarding the tectonic evolution 
of the Earth system.
THESIS SUMMARY
The study of plate tectonics spans the entire field of Earth Sciences. Plate tectonic 
reconstructions, created within the paradigm of the plate tectonic theory, 
result from the synthesis of extensive geological, geophysical, geochemical, 
geochronological and seismological data. The images produced through 
such reconstruction have numerous practical applications. Considerable 
amounts of data are captured in each snapshot of time. When such data is 
assimilated, geologic trends and patterns of motion can be revealed that 
would otherwise not be apparent. Such uses are growing, for the scope and 
potential of tectonic reconstructions has exploded in line with the growth 
in computer processing power.
Initially, reconstructions involved the simple Euler rotation of continents on 
a 2D surface. However, now we can view and analyse huge datasets in the 
realm of subduction and mantle convection models, erosion simulations, or 
rifting algorithms, for example. Yet for all the high-resolution models, the 
complex data processing and integrated simulations, limited attention has been 
given to two crucial components of plate tectonics: crustal deformation and 
the geometrical evolution of subducted lithosphere. In this thesis we analyse 
two tectonic systems, and using a new approach incorporate deformation 
of both the crust and subducted lithosphere into our modelling.
The results offer a different outcome to previous studies. In a study of Northern 
Melanesia, it is found that constraints provided by the extent of subducting 
lithosphere and crustal deformation require substantial revisions of kinematic 
histories. We also show that the 3D geometry of the Solomon Sea slab has 4D 
implications for the tectonic evolution of the region as a whole. Specifically, 
we made meaningful discoveries about the tectonic evolution of the region 
by detailing the geometrical evolution of the subducted lithosphere. In this 
instance, we showed that the Solomon Sea slab, currently subducting at the 
New Britain Trench, can be described in terms of ailerons – tabular segments 
suspended from the overlying lithosphere, with each segment potentially 
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bounded by a vertical slab tear. Such segmentation could result from slab 
tears, formed during rollback of this strongly curved subduction zone. 
However, this geometry required the isolation (and eventual drop-off) of 
a large slab segment. Evidence for this previously undocumented tectonic 
scenario was found through visualisation of a detached slab segment, located 
in the upper mantle beneath a geochemically distinct arc. We tentatively 
drew a link between the fluids and magmas emanating from the detached 
slab and high-K, volatile-rich magmas that characterise the overlying plate.
We also illustrate that the subducted lithosphere beneath PNG has undergone a 
more complex evolution than previously thought. We provide further evidence 
that this subducted lithosphere is doubly-dipping, with both north- and 
south-dipping limbs. Analysis of the spatial distribution seismic activity, and 
focal mechanisms, also suggests the presence of a slab tear, located beneath 
the Huon Peninsula. This slab tear detaches the doubly-dipping slab segment 
from the part that is actively subducting beneath the New Britain Arc.
We employed a similar methodology in our analysis of the evolution of the 
Andean subduction system of western South America. Through modelling 
of earthquake hypocentre distribution and “slab refloating”, we found that 
the margins of flat slab segments may, in fact, be vertical slab tears. Tectonic 
reconstruction reveals a spatial, and possibly a causal, relationship between 
these tears and subducted oceanic fracture zones. We also examine the 
evolution of the Andean orogen, illustrating that prior to crustal shortening 
and oroclinal rotation the western margin of South America was essentially 
a linear subduction zone. This outcome has many applications in the way 
we view the subduction history of the system as a whole.
The research presented in this thesis demonstrates that if sufficient attention 
is given to the analysis of large-scale deformation of the continental and 
subducted lithosphere, alternative theories as to the tectonic history of the 
region may be uncovered. The methodology described here could be applied 
in alternative tectonic settings, potentially with similarly important results.
THESIS OUTCOMES
The main outcomes of this thesis research are:
(i) a new (2D + time) plate tectonic model for the Papua New 
Guinea and Solomon Islands region;
(ii) there is a detached slab segment located between 400 and 600 
km beneath Lihir Island;
(iii) the western margin of South America, from the north to 
Patagonia, was initially a linear tectonic system;
(iv) the ‘flat slab’ zones of the subducted Nazca Plate appear to be 
bounded by down-dip slab tears, possibly along old fracture zones;
(v) an ~E-W arch of subducted lithosphere has been overridden 
by PNG, and is actively tearing free from the rest of the Solomon 
Sea Plate currently subducting at the New Britain Trench.
v

Chapter 1
INTRODUCTION
The volumes, the surfaces, the lines—in one word, the 
structures that build a tectonic construction—do not 
represent the whole picture: there is also the movement 
that animated and still animates these bodies because 
the history continues and we live under no particular 
privileged conditions at any given time in this
great process.
 Émile Argand, Tectonics of Asia (1924)
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CHAPTER SUMMARY
This chapter discusses the concepts involved in plate tectonic reconstruction, 
the characteristics of various tectonic reconstruction software packages, and 
the geological regions where we have undertaken tectonic reconstruction. 
Following this a thesis framework is set out that presents the sequence of 
chapters and briefly describes the content and direction of each. The chapter 
concludes with a summary of the thesis style.
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PLATE TECTONICS
The concept of plate tectonics provides an explanation for how the Earth 
evolves (e.g., Wessel and Müller, 2007). This paradigm was developed following 
several key discoveries, such as the observation of subduction zones, magnetic 
reversals and seafloor spreading (Wessel and Müller, 2007). Simply put, the 
plate tectonic theory is the kinematic concept that explains the dynamics 
of the upper layers of the solid Earth. This movement is expressed in terms 
of the motion and evolution of adjacent plates of lithosphere. The relative 
motion between these fragments gives rise to converging, sliding, or diverging 
plate boundaries.
The tectonic consequences of kinematic interactions along plate boundaries 
are diverse. Earthquakes, mountain ranges, subduction trenches, ocean 
basins, magmatic arcs and mid-ocean ridges are all the resultant phenomena 
of differential plate movement histories. In turn, the details of such tectonic 
features can illuminate aspects of past geodynamic settings.
To model and examine the evolution of Earth’s surface and its historical 
geodynamics we utilize tectonic reconstructions. The maps created by plate 
reconstruction illustrate previous tectonic configurations and are developed 
by calculating the location and setting of specific geological and geophysical 
features at various points in time. Reconstruction software uses a variety 
of methods to produce tectonic models, however, the initial step of most 
approaches is to establish the motion of the major plates. Once a broad-scale 
model has been developed the kinematics of smaller geological units are 
determined. Using this approach the motion of a specific feature through 
time can be determined, as can its linkage to other surface and subsurface 
structures. The ultimate objective is to provide insight into the geodynamic 
processes and connections that have shaped the evolution of the Earth.
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Tectonic reconstructions have been utilised across a diverse range of disciplines, 
such as studies regarding the formation of hydrocarbon and mineral resources 
(e.g., Hronsky et al., 2012), climate change (Livermore et al., 2007), ocean 
circulation (e.g., Arias, 2008), and reconstruction of palaeobiology (e.g., 
Ali and Aitchison, 2008). Such studies require the framework and context 
provided by geodynamical models to interpret and develop their hypotheses.
RECONSTRUCTION SOFTWARE 
Utilising computers to determine plate positions through time based on 
Euler rotations has been done for many years. In this section, we describe 
the various plate reconstruction software packages that are currently publicly 
available. We also provide some examples of the application of such software 
in academia. However, a multitude of reconstructions have been created 
using the software discussed in this overview, and as such we only provide a 
select few examples from published literature in each instance. The tectonic 
reconstructions that have been conducted on the regions covered by this 
thesis are discussed in detail throughout the body of this document.
The PLATES software, developed at the University of Texas Institute for 
Geophysics (Gahagan, 1998), was one of the first packages that allowed 
the user to interactively model plate motion. This software primarily uses 
isochron data to model the evolution of ocean basins and the kinematics of 
surrounding coastlines.
Over the last decade, an attempt has been made to produce an open-source 
equivalent to the PLATES software. GPlates expanded the capability of such 
the software by enabling the ability to display and move raster images of 
various data on the Earth’s surface. Such data can be viewed and throughout 
the reconstruction process. GPlates was developed by the EarthByte Group 
at the University of Sydney. GPlates has been extensively marketed and 
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frequently used by the large team of researchers within the EarthByte Group. 
Through this GPlates has started to gain wide use within academia. Recent 
examples include a study analysing the relationship between the evolution of 
the Andean Altiplano and episodes of flat-slab subduction (O’Driscoll et al., 
2012). O’Driscoll et al. (2012) used GPlates to rotate the Nazca Plate, and the 
inferred location of oceanic plateaus, with respect to cratonic South America. 
However, the major applicability of the GPlates software is in analysing and 
interpreting data provided by oceanic magnetic isochrons. In such studies, 
the input data is digitised magnetic isochrons, with the output being the 
motion and rigid dynamics of the continental plates (e.g., Müller at el., 2008).
PaleoGIS was created as an extension to ArcGIS that enables integration 
of geologic time into a GIS dataset. PaleoGIS software comes with a 
demonstration plate model provided by the PaleoMap Project, data that 
allows reconstructions to be made back to 50 million years ago. Like the 
reconstruction software previously discussed, PaleoGIS allows the user to 
create, display, analyse and manipulate plate tectonic data models. PaleoGIS 
has been used within the resource industry for studies on global and regional 
scales. Numerous global-scale, rigid plate reconstructions have been created 
using PaleoGIS and its predecessors. An example is provided by Scotese et 
al. (1988), whereby the authors presented a global reconstruction of the 
Mesozoic and Cenozoic continents and ocean basins. Scotese (1991) extended 
this work with a reconstruction of Pangea and the evolution of the Earth’s 
ocean basins during the Jurassic and Cretaceous.
Another software, SPlates (Torsvik et al., 2006), presents elements that are 
specific for latitudinally constraining geological units, and analysing the effects 
of True Polar Wander. Data illustrating variations in the rates and direction 
of plate motion through time can be calculated from the kinematic models. 
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ATLAS, a geological software developed by Cambridge Paleomap Services, 
comes with an inbuilt master file of data for the rotation of the major plates. 
ATLAS specializes in creating continental reconstructions and present day 
base maps from where the user can plot their own data. Numerous data can 
be analysed by the program, such as petroleum systems, geological boundaries, 
or hot spots, for example. Such data can be embedded into the master file 
and their position projected back through time. ATLAS has been used in 
academia and extensively within the industry. An example of the power of 
the ATLAS program is provided by the work conducted by Robert Hall (e.g., 
Hall, 2002). Hall (2002) includes approximately 120 fragments, and ATLAS 
provided a stable platform for the modelling of such a large dataset.
GMAP, (Torsvik and Smethurst, 1999), is a program designed to process 
and plot palaeomagnetic pole positions, and generate palaeogeographic 
reconstructions. Reconstructions can be derived from individual 
palaeomagnetic poles, averaged palaeomagnetic poles, and digitally generated 
smoothed curves. GMAP has been utilised in the development of several 
published reconstructions. A global reconstruction was developed by Stampfli 
and Borel (2002) for the Paleozoic and Mesozoic. The method employed 
by Stampfli and Borel (2002) incorporated dynamic plate boundaries and 
synthetic paleo-isochrons, allowing the analysis of ocean basin widths and 
tectonic collisions. GMAP was also utilised by Ali and Aitchison (2008) 
for their modelling of India-Eurasia collision. Ali and Aitchison (2008) 
provide a detailed and geologically consistent reconstruction, albeit with 
rigid plate fragments. The rigid reconstruction methodology employed by 
Ali and Aitchison (2008) was limited in its ability to quantitatively test the 
paleogeographic model against the extent of Greater India.
Another software package, 4DPlates, follows the previously mentioned 
software, however, supports much larger and higher precision datasets 
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that describe surface or near-surface crustal structures (Clark et al., 2012). 
4DPlates is capable of providing a responsive manipulation of high-density 
data, such as reconstructing the data or modifying the boundaries of the 
underlying formulas (Clark et al., 2012). As this software has only just been 
released it is too early to assess its use within academia and industry.
Clearly there is an abundance of reconstruction software publicly available to 
model the dynamics of Earth’s tectonic plates. However, the reconstruction 
packages described above, while being distinct have one thing in common: 
to detail ancient tectonic configurations rigid rotation of data on the Earth’s 
surface is undertaken. This involves the use of magnetic data preserved 
within oceanic plates to define their kinematics. The data derived from these 
“rigid” oceanic plates is then utilized to determine the kinematic evolution 
of the adjoining continental lithosphere. However, continental lithosphere 
can behave in a ductile fashion, as evidenced by orogenic zones. Thus, a 
“rigid rotation” approach does not provide an acceptable description of 
the evolution of these regions, nor of the large earthquakes and abundant 
mineral systems that are a feature of these systems. The need to account for 
deformation in tectonic reconstruction is the fundamental concept that led to 
the development of Pplates (Smith et al., 2007; White & Lister, 2012; O’Kane 
& Lister, 2012). Pplates uses deformable meshes to reconstruct tectonic units 
and embedded data. These meshes allow the user to quantitatively remove 
and interpret the deformation associated with contracted, extended, or torn 
lithosphere.
 
Pplates can also connect surface tectonic processes with those occurring 
in the upper mantle, such as the subduction of lithosphere. This thesis has 
utilized these capabilities of Pplates to undertake studies on two tectonically 
distinctive regions.
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AREAS OF RESEARCH
This project spans opposite sides of the Pacific Plate, in two rather contrasting 
tectonic regimes (Figure 1). The Andean region, with a long-lived history 
of ocean–continent collision provides a useful contrasting study to the arc–
continent collision currently observed in SE Asia. Testing and implementing 
our reconstruction methodology on these two regions provided additional 
challenges and requirements that ultimately improved the Pplates software, 
and broadened our results and outcomes.
Figure 1. Global map highlighting the regions studied as part of this research. 
Tectonic analysis and reconstructions were conducted on the western margin of South America, 
and the Northern Melanesian region of the SW Pacific. Image edited from Fundamentals of 
Mapping, 2013, <http://www.icsm.gov.au/mapping/>. Map is in Mollweide Projection. 
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SUMMARY OF THESIS CHAPTERS
Chapter 2 Tectonic evolution of the Northern Melanesian region from 
10 Ma to Present
Here we present an updated tectonic model for the Northern Melanesian 
region of the SW Pacific, from 10 Ma through to the present-day. A major 
focus of this study was to constrain the dynamics of the various microplates 
that are located within the collision zone between the Pacific and Australian 
Plates. Deformation of lithosphere is incorporated into the model, which 
is analysed in the context of upper mantle structure. Through this we were 
able to provide some additional constraints regarding Solomons Arc-Ontong 
Java Plateau interaction. Ideas regarding the evolution of some small arc 
terranes are also presented. 
Chapter 3 Concave trench subduction, large-scale slab tearing, and a 
giant gold deposit
Using the reconstruction presented in Chapter 2 we detail the 4D (i.e. 3D + 
time) evolution of the Solomon Sea slab. We outline the present-day geometry 
exhibited by the Solomon Sea slab, detailing the presence of a large vertical 
slab tear. We analyse how this present-day geometry may have evolved, and 
analyse a tomographic dataset to test our hypothesis. We go on to theorise 
about possible tectonic links between our 4D slab model and formation of 
the Ladolam epithermal gold deposit, Lihir Island.
Chapter 4 Mesh-based tectonic reconstruction: Andean margin evolution 
since the Cretaceous
A deformable reconstruction of the Andean mountain chain is presented 
within Chapter 4. The aim of the research presented here was to provide a 
quantitative estimate of the starting geometry exhibited by the western margin 
of South America, prior to the onset of Andean orogenesis. To achieve this 
we used data that allowed estimates of total crustal shortening and the timing 
of terrane accretion within the Pplates software. Through this we were able 
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to test the capacity of the deformable mesh-based reconstruction method 
to provide realistic estimates of orogen evolution.
Chapter 5 Morphology of subducted lithosphere beneath Papua New 
Guinea in 3D
This research involved 3D analysis of slab geometry beneath eastern New 
Guinea using tomographic and Centroid Moment Tensor (CMT) data. Some 
conjecture remains as to whether a south-dipping slab segment is present 
beneath eastern New Guinea. Tomographic data are analysed in 3D within 
GOCAD® in an effort to resolve this question. To determine the interaction 
between the south-dipping slab segment, and the lithosphere that is currently 
subducting beneath the New Britain Arc, we examined CMT data within 
eQuakes. A discussion regarding the implications of this interaction in terms 
of slab tearing concludes Chapter 5.
Chapter 6 The Nazca Slab: fracture zones and the transition from flat 
to steep subduction
First we provide a description of the 3D Nazca slab model that we developed 
within GOCAD® using earthquake hypocentre data. The slab model was 
“refloated” using the Orpheus function of Pplates, from where palaeo-age 
data were overlain back onto the slab model. This procedure created a 3D 
model of the age of subducted Nazca lithosphere. From this we assessed the 
correlation between the margins of flat-slab segments and the subduction 
of oceanic fracture zones.
Chapter 7 Conclusion
Chapter 7 is a brief discussion regarding the importance of quantitatively 
incorporating subducted lithosphere and continental deformation into 
tectonic reconstructions. A short summary of the main findings from the 
thesis is provided, as are suggestions for avenues of future research.
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THESIS STYLE
The main body of this thesis (Chapters 2 to 6) has been written as separate 
bodies of research that could be individually submitted for publication. At 
the time of submission of this thesis Chapter 4 has been published, Chapter 3 
has been submitted, while we envisage Chapters 2, 5 and 6 will be submitted 
to various scientific journals in the near future. The formatting broadly 
reflects the text that was (will be) submitted, with minor modifications 
having been made to ensure consistent numbering, font and figure style. 
An individual reference list and appendices are located at the end of each 
Chapter to maintain coherence and flow of the document.
Throughout the document the term “we” is regularly used. The work presented 
here involved a collaboration between people. The use of “we” should not 
be taken to signify that the research presented in this thesis is not my own. 
Contributors and their respective input is noted at the beginning of each 
Chapter.
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Reconstruction Workflows and Mathematics
Throughout the subsequent chapters of this thesis the rationale behind our 
approach to tectonic reconstruction is documented. However, the fundamental 
mathematics that underpin our methodology need to considered. Within 
this appendix we provide a description of the critical aspects of our workflow, 
and outline the associated mathematics.
Rigid plate reconstruction
The classical approach to reconstruction involves the rotation of lithospheric 
fragments such as the oceanic plates and cratonic blocks. The motions of 
such fragments can be described by Euler rotations (the subsequent summary 
follows Greiner, 1999). Firstly, a point  on the Earth’s surface is described 
in Cartesian coordinates:
Movement of this point occurs through the rotation about an axis which 
passes through the centre of the Earth. The point where the axis intersects 
the Earth’s surface is known as an Euler pole , while the angle of rotation 
is known as an Euler angle , with the combination of these parameters 
defining an Euler rotation:
Movement of a point  to  is expressed through the multiplication of a 
rotation matrix  and vector:
The rotation matrix  is derived from a given Euler pole and rotations:
In this instance  is a transformation into Cartesian coordinates with the 
Euler pole the unit vector along the z-axis (0, 0, 1).
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The cosines of the angles between the axes of the first and transformed 
coordinate system are expressed as:
Rotation  around the transformed Euler pole with angle  along the z-axis :
Movement of a point  back to  utilizing the Euler rotation is as follows: 
Utilizing Euler’s theorem two Euler rotations can be formed as a one rotation:
Through this process published seafloor magnetic isochron and fracture zones 
data are utilized to document the rigid motion of the major plates. Once 
this framework has developed the evolution of the intervening subduction, 
orogenic and extensional zones is explored.
Incorporating deformation
Accounting for both movement and deformation of lithosphere is documented 
by Smith et al. (2007), whereby the transformation of individual triangulated 
mesh nodes is considered. Through the non-rigid transformation of each 
node of a mesh the initial three axes will develop a final set of three axes of 
differing orientation and length. The derivative of each component of the 
reference X vector compared to each component of the deformed x vector 
provides the deformation gradient F, thus separating rigid transformations 
from deformation.
 1–20
CHAPTER 1        INTRODUCTION
The result of non-rigid rotation is deformation, which is in turn the source 
of stresses.
Within Pplates such stresses are applied between mesh nodes, and can be 
propagated through neighbouring nodes via elasticity, following Hooke’s Law:
Deformation
PropagationRelaxation
The force F required to extend or contract by distance X is proportional 
to that distance, while k is a factor of stiffness. In this manner stresses are 
accumulated via deformation and distributed across the mesh through time. 
Distribution of these stresses can be conducted in a realistic fashion provided 
sufficient geologic information is available.
Figure 1. Pplates deformable triangulated 2D mesh. 
Within Pplates a mesh utilizes tessellated polyhedrons to represent fragments of lithosphere. 
Each polyhedron consists three nodes (red points) connected to each other and the mesh-face 
centroid (blue points). These node-centroid connections act as springs, allowing deformation 
to be balanced through the viscous relaxation of accumulated strain.
Figure 2. Deformation workflow.
Incorporating deformation within Pplates involves iteratively applying deformation which is 
allowed to propagate throughout the meshed surface, with any accumulated strain removed 
through viscous relaxation.
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Within Pplates each mesh face can carry various gridded data, with topography 
data being one such example. As a mesh face is deformed through lateral 
(x,y) translation, the initial z-value (as provided by the topography grid) is 
updated with a new z-value assigned through conservation of crustal volume. 
Isostasy can be maintained throughout the evolution of a deforming mesh 
face. Calculation of isostasy considers a total elevation, Ht, elevation above 
the fluid, Hf, density of the lithosphere, ρC, and density of the underlying 
mantle, ρM, as follows:
Accounting for conservation of crustal volume and applying isostatic 
adjustments will result in elevation changes throughout any deformed regions. 
The Orpheus routines allow a 3D mesh to be “reverse engineered” back to a 
2D geometry at the Earth’s surface. This process (as defined within Lister et 
al., 2012) follows the same fundamental principals utilised in the deformation 
of a 2D mesh, as outlined above. Initially, the starting 3D mesh geometry 
has mesh nodes elastically connected to the mesh centroid in a zero-stress 
state. Force is then applied to each node so the slab float is upwards, towards 
the Earth’s surface. The direction of this ascent is recursively defined by the 
average of the surrounding mesh face normals. 
Figure 3. Reverse engineering of subducted lithosphere via reflotation.
Reflotation involves the initial starting geometry of a mesh that conforms to the upper surface 
of the subducted lithosphere. Force is applied in an upwards direction, proportional to the 
depth of the mesh node, until the lithosphere reaches the Earth’s surface. Spherical coordinates 
are maintained throughout the process.
At the same time the mesh distorts in plane in an attempt to remove any 
strain that has accumulated during the ascent of the slab. This stage involves 
the summation of the spring forces of each node, followed by viscous drag 
induced strain reduction. Strain is iteratively redistributed throughout the 
entire mesh, minimizing regions of localized accumulation. This staged 
operation is continued until the spring forces of each node have reached a 
negligible value, or at least arrived at a strain state where further redistribution 
is not possible.
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We have defined geology as the history of the evolution of 
the Earth. Evolution, therefore, is the central idea
of geology.
 Joseph LeConte, Elements of Geology (1903)
Chapter 2
TECTONIC EVOLUTION 
OF THE NORTHERN MELANESIAN 
REGION, FROM 10 MA TO PRESENT
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CHAPTER SUMMARY
The arrival of the Ontong Java Plateau at the North Solomon 
Trench is poorly constrained. Here we develop a tectonic 
reconstruction for Northern Melanesia with the view of gaining 
a better understanding of this tectonic event. Our method differs 
from traditional tectonic reconstruction through the use of 
software that allows the incorporation of crustal deformation. 
This resultant model is tested against the observed and predicted 
extent of subducted lithosphere. Further, we detail how the 
collision between the Ontong Java Plateau (OJP) and the 
Australian Plate, and the subsequent reversal in subduction 
polarity, may have influenced the kinematics and overall tectonic 
setting of the region. It is inferred that a part of the OJP was 
subducted beneath the Solomon Islands before the system became 
blocked at approximately 6 Ma. This jamming of the subduction 
zone transferred arc fragments of Northern Melanesia onto 
the Pacific Plate. Subduction consequently initiated on the 
western side of the Solomon Sea Plate as the result of continued 
Australian and Pacific Plate convergence. The dynamics of these 
two large plates had considerable bearing on the evolution of 
the arc terranes present within the intervening 
collision zone.
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CHAPTER OUTCOMES
(1) a tectonic reconstruction that adheres to constraints 
provided by the timing and extent of crustal deformation, 
and the geometry and amount of subducted lithosphere;
(2) the present-day double-chain configuration of the 
Solomon Islands arc can be accounted for by the shuffling 
of segments of a formerly linear chain of islands; 
(3) the Manus-New Ireland-New Britain arc terranes, prior 
to the onset of seafloor spreading and formation of the 
Bismarck Basin, were possibly once a curved but continuous 
chain that has now been highly extended; 
(4) the two subduction systems that accommodate Australian 
and Pacific Plate convergence operated under a slab rollback 
regime. 
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INTRODUCTION
The world’s largest and thickest oceanic plateau, the Ontong Java Plateau 
(OJP) of the southwestern Pacific Plate, is currently interacting with the North 
Solomon Trench (Figure 1). This has resulted in one of the best examples of 
island arc polarity reversal on Earth (Karig and Mammerickx, 1972). Arc 
polarity reversal involved the cessation of subduction beneath an arc, and 
accretion of this arc (in this case the Solomon Islands) onto the formerly 
subducting plate (the Pacific Plate). Following this, there was a reversal in 
subduction, and the formerly overriding plate (the Australian Plate) was 
consumed (e.g., McKenzie, 1969). It has been proposed that the termination 
of subduction at the North Solomon Trench resulted in rapid, global-scale 
changes in plate boundaries and motions (e.g., Wessel and Kroeke, 2008; 
Knesel et al., 2008). However, the timing of this event remains contested. 
Numerous interpretations and contradictory views regarding the onset 
of OJP collision, and the subsequent arc reversal, have persisted since the 
concept was first proposed (Karig and Mammerickx, 1972). We detail these 
hypotheses, the rationale behind their inception, and their implications in 
the discussion section of this chapter.
Conjecture surrounding OJP evolution has arisen due to the submerged 
nature of the plateaux basement, the lack of age dates for subduction-related 
volcanism along the Solomon Islands arc, and the complex nature of the 
tectonic setting. Through the use of mesh-based reconstruction software 
we utilise an alternative tool in developing a tectonic reconstruction of 
Northern Melanesia, providing additional constraints on OJP-arc interaction 
by determining the depth extent of now subducted slabs. We correlate the 
extent of subducted lithosphere predicted by our tectonic model with that 
observed in the upper mantle beneath the collision zone. First, however, we 
provide some context for OJP-arc interaction by describing the main tectonic 
elements present along the collision zone.
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Tectonic setting
New Guinea
There is a considerable literature (e.g., Visser and Hermes, 1962; Dow, 1977; 
Hamilton, 1979) regarding the geology and tectonic evolution of New Guinea. 
Early regional reviews recognised that New Guinea is made up of three major 
tectonic provinces. Southern New Guinea forms part of the northern edge 
of the Australian craton. To the north of this cratonic zone is a collisional 
region defined by a strongly faulted and metamorphosed orogenic belt. The 
northern margin of New Guinea is predominately composed terranes of 
granitic terranes that are proposed to have moved independently within 
oceanic crust eventually accreting to the margin (Thompson and Fisher, 
1965). Pigram and Davies (1987) further developed this concept, proposing 
a model that involved the accretion of at least 32 “tectonostratigraphic” 
terranes, many being of oceanic affinity. Struckmeyer et al. (1993) expanded 
this even further, to more than 40 terranes. 
However, some details of the terrane model, particularly the polarity of 
subduction, have been disputed (e.g., Hill and Hall, 2003). The majority of 
models suggest long-lived northward subduction of oceanic crust preceded 
collision with a south-facing arc (see Baldwin et al., 2012). An alternative 
view implies subduction polarity reversal, whereby southwards directed 
subduction occurred along the northern Australian margin, with arc-collision 
initiating northwards subduction (Dewey and Bird, 1970; Hamilton, 1979). 
Johnson and Jaques (1980) contested the polarity reversal model, finding no 
evidence for south-dipping lithosphere beneath Papua New Guinea. However 
Cooper and Taylor (1987) and Pegler et al. (1995) disagree, suggesting that 
the subduction polarity reversal model is indeed justifiable, presenting 
evidence for both south and northwards directed subduction based on the 
distribution of seismic activity. 
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Figure 1. Topography, bathymetry, and tectonic setting of the northern Melanesian region. 
(a) Topography and bathymetry data from Becker et al. (2009) created using GeoMapApp 
(http://www.geomapapp.org). (b) Tectonic setting of (a). Abbreviations are: AT, Adelbert 
Terrane; BSC, Bismarck Spreading Centre; FT, Finisterre Terrane; NBT, New Britain Trench; 
NHT, New Hebrides Trench; NNG Arc Terranes, Northern New Guinea Arc Terranes; NuF, 
Nubara Faults; RMF, Ramu Markham Fault; TrT, Trobriand Trough; WSC, Woodlark Spreading 
Centre; WTP, West Torres Plateau. 1, subduction zone; 2, fossil subduction zone; 3, spreading 
ridge and transform faults; 4, strike-slip fault; 5, basin/ocean floor; 6, submerged continental 
or arc crust; 7, submerged oceanic plateau; 8, land.
 2–10
CHAPTER 2       NORTHERN MELANESIA
The number of terrane collision events and the difficulties involved in attaining 
geological data within PNG has resulted in the timing of the major orogenic 
events remaining uncertain. The model for arc-continent collision in New 
Guinea occupies a broad time-range, with many authors proposing collision 
events from the Late Oligocene through to Early Miocene. Some models 
invoke mid-Cenozoic arc-continent collision (Jaques and Robinson, 1977), 
with others suggesting Early Miocene events, such as collision between the 
Finisterre Terrane and New Guinea margin (Davies et al.,1996). Other studies 
interpret Finisterre Terrane accretion to have occurred during the Pliocene 
(Abbott et al., 1994; Abbott, 1995; Weiler and Coe, 2000. A separate collision 
event involved a composite terrane suturing onto eastern New Guinea by 
the Late Miocene (Pigram and Davies, 1987).
Apatite and zircon fission track data have been used to determine Neogene 
time-temperature paths of New Guinea (Hill and Raza, 1999). These data 
suggested extension and rapid cooling metamorphic rocks occurred within 
the Papuan Mobile Belt in the Early Miocene (Hill and Raza, 1999). This 
event is interpreted to have occurred immediately before the emplacement 
of a series of calc-alkaline volcanics, known as the Maramuni Arc (Page, 
1976), from 17 to 12 Ma (Hill and Raza, 1999). Hill and Raza (1999) further 
suggested that increased coupling along the northern New Guinea margin 
caused widespread uplift and formation of the New Guinea orogenic belt 
from 12 to 5 Ma. This deformation propagated through the Mobile Belt in a 
westward manner, and through the Fold Belt from the north to south. The 
work of Hill and Raza (1999) is one of the few studies documenting the 
timing of geodynamic events in New Guinea, and has subsequently been 
widely used within studies detailing the tectonic evolution of the region.
While conjecture abounds many aspects of New Guinea tectonic evolution, 
particularly that of its northern margin, the majority of models have several 
features in common. All recognise that the northern New Guinea margin 
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is composed of arc terranes originating from the Pacific. Historically this 
was considered to have been a single event; however recent models propose 
multiple arc-continent collision events spanning several intervals since the 
Late Cretaceous. Most studies provide evidence for collision with a south-
facing arc post-dates northward subduction, while some suggest northern 
New Guinea was previously an active margin.
Solomon Islands
The Solomon Islands are an arc system located in the collision zone between 
the Pacific and Australian Plates. This double chain of islands is bounded to 
the north and south by the North Solomon and New Britain-San Cristobal 
Trenches respectively. The Solomons consist of three main geological 
provinces, with ocean basalts overlain by pelagic carbonates located in the 
north, a central region consisting of basalts overlain by Miocene volcanics 
and shallow water carbonates, and a third zone of active volcanism present 
in the south (Coleman, 1966; Coleman, 1970; Petterson, et al., 1997). The 
Solomons Arc is inferred to have formed around the Middle Eocene as part 
of the Melanesian Arc system (e.g., Hall, 2002). Formation of the arc likely 
occurred on a basement of earlier arc material or ophiolitic units previously 
emplaced during earlier interactions between the Australian margin and 
Pacific arc terranes (Hall, 2002).
The Late Miocene to Present evolution of the Solomon Islands has been 
dominated by collision with the Ontong Java Plateau, and later subduction 
polarity reversal. The details of this collision event are discussed in subsequent 
sections.
South Bismarck Plate
A series of NNE-SSW trending rifts and E-W trending transform faults, 
known as the Bismarck Spreading Centre, define the northern extent of the 
South Bismarck Plate, while the New Britain (NBT) and Manus Trenches 
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bounds it in the south and west respectively (Taylor, 1979; Tregoning, et al., 
1999). The eastern boundary is a zone of diffuse deformation, with a series 
of left-lateral faults possibly representing a continuation of the spreading 
centre and associated transforms (Figure 1b).
The existence of a North Bismarck Plate has been suggested by various studies 
(e.g., Johnson and Molnar, 1972), and while this has been contested GPS 
data strongly support the concept of a plate located in the region intervening 
the South Bismarck and Pacific Plates (Tregoning, 2002). Additionally, the 
Caroline-North Bismarck-Pacific triple junction is cut smoothly by the Manus 
Trench, suggesting the North Bismarck-Caroline and North Bismarck-Pacific 
velocities are at least as large as the Caroline-Pacific velocities (Bird, 2003). 
Numerous magnitude >6 earthquakes have been recorded by the Harvard 
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Figure 2. Northern Melanesian crustal fragments.
Abbreviations are: Bo, Bougainville; Ch, Choiseul; FT, Finisterre Terrane; GP, Gazelle Peninsula; 
Gu, Guadacanal; KKK, Kia–Kaipito–Korigole Fault; Mt, Malaita; Mk, Makira, MI, Manus Island; 
NB, New Britain; NGG, New Georgia Group; NH, New Hanover; NI, New Ireland; WT, Weitin 
Fault; WBF, Wide Bay Fault. Background image from the Global Multi-Resolution Topography 
data portal (Ryan et al., 2009).
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CMT catalogue and appear to be associated with the northern boundary of 
the North Bismarck Plate (Bird, 2003). This northern boundary is considered 
to be Manus Trench, with the Bismarck Spreading Centre representing the 
southern boundary. As a result of such data, the North Bismarck Plate is 
distinguished as a separate entity in this study.
Solomon Sea Plate
The Solomon Sea is a small microplate located to the east of New Guinea. 
Subduction of the plate is currently occurring at the NBT, defining its northern 
extent, while to the east the San Cristobal Trench demarcates its boundary. 
The Woodlark Rise, a zone of diffuse crustal seismicity, likely separates the 
Solomon Sea Plate from the Woodlark Basin (Davies et al., 1984).
The formation of the Solomon Sea Plate is poorly resolved, with the few 
preserved magnetic lineations interpreted as chrons 19 to 15 (Gaina and 
Müller, 2007), indicating spreading commenced ~41 Ma (as per Gradstein 
et al., 2012). Seafloor spreading is presumed to have continued until ~25 
Ma (Joshima et al., 1987). These data correlate with models suggesting that 
the onset of seafloor spreading was driven by the clockwise rotation and 
rifting of the Melanesian Arc system at ~40 Ma (Hall, 2002). The few gravity 
anomalies present on the plate are not indicative of an extinct spreading 
ridge, an observation supported by the asymmetric nature of the magnetic 
anomalies (Gaina and Müller, 2007). Thus, it is likely that only a southern 
segment of the plate is preserved, with the remainder having being removed 
via northward subduction.
Woodlark Basin
The Woodlark Basin Spreading Centre is an east-west trending rift system and 
demarcates the southern extent of the Woodlark Plate. This western end of 
this boundary transitions to a continental rift system, rapidly extending into 
the Papuan Peninsula at some of the fastest rates (~20-40 mm yr-1) on Earth 
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(Abers, 2001). This rift is preceded by core complexes in the D’Entrecasteaux 
Islands and extends as far west as 148 °E. The extension is accommodated by 
both high-angle (Kington and Goodliffe, 2008) and low-angle (Abers, 2001) 
normal faults. Rifting in the Woodlark Basin commenced at ~6 Ma, with 
the fastest period of extension occurring between >3.5-0.5 Ma (Taylor et al., 
1999). Such extension has separated the formerly continuous Woodlark and 
Pocklington Rises (Taylor et al., 1995).
Ontong Java Plateau
The OJP is a vast oceanic plateau located to the north of the Solomon Islands. 
The plateau is the largest of the world’s igneous provinces (Coffin and Eldholm, 
1993) and is thought to have formed during a plume-related extrusion at 
around 122 Ma (Neal et al., 1997). Based on analysis of seafloor fabric data 
it has been suggested the OJP is a translated segment of what was once an 
even larger plateau that also consisted the Manihiki and Hikurangi Plateaux 
(Taylor, 2006). The three plateaux share a similar geochemical composition, 
supporting the hypothesis of a common source and origin (Mahoney et al., 
1993; Hoernle et al., 2010). Through rifting the three plateaux separated with 
the OJP having since drifted northwards with the Pacific Plate (Wessel and 
Kroenke, 2000) until colliding with the Australian Plate and Solomons Arc.
The Northern Melanesian region is situated within a tectonically diverse, 
and rapidly evolving setting. The interactions between the numerous small 
micro-plates, arc terranes, crustal faults, subduction zones and spreading 
centres that characterise the region are complicated. Additionally, the remote 
nature of the region, and difficulty in obtaining geological data, combine to 
make the New Guinea region a challenging location for tectonic analysis. 
Consequently several key questions remain open, not least the timing of 
OJP-arc interaction. We discuss this and propose a series of reconstructions 
that provide a framework for the evolution of Northern Melanesia from 10 
Ma to Present.
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DATA, ASSUMPTIONS AND METHODOLOGY
The techniques and definitions used here have been presented in Rosenbuam 
et al. (2002), Smith et al. (2007), and O’Kane and Lister (2012). However, 
the key criteria employed in developing our reconstruction, and how these 
differ from traditional methodologies are outlined below.
Major plate motion
The analysis of seafloor magnetic isochrons and fracture zones provide 
accurate information regarding the motion of the major plates in the period 
10 Ma to Present. The motion of these rigid bodies of lithosphere is well 
documented although considerable differences in interpretation remain for 
deeper time, as described by White and Lister (2012) for the India-Eurasia 
collision. For the time period considered in this study, 10 Ma to Present, the 
variations between different data interpretations are only ~10-50 km.
The positions of the major plates are used as a template in which the local 
reconstruction is accomplished. We used published magnetic isochron 
data (refer to Appendix 2A) incorporated into plate circuits (Figure 3) for: 
(i) Australia-East Antarctica motion following White et al. (2013); (ii) East 
Antarctica-Marie Byrd Land we used the data from Cande and Stock (2004) 
and Cande et al. (2000); and (iii) Marie Byrd Land-Pacific motion, from 
Cande et al. (1995). Additionally, we recalibrated velocities implied by this 
data to the recent revision of the international geological timescale (Gradstein 
et al., 2012). 
Micro-plates and arc terranes
Having set the relative motion of the Australian and Pacific Plates we were 
then able to determine the geographic extent of arc terranes and microplates 
situated within the intervening collision zone. Where well-defined magnetic 
isochrons were not available (e.g., for the Solomon Sea Plate) numerous other 
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data, and theories, were employed in an attempt to constrain kinematic history. 
Arc terranes in particular often display a history involving large displacements 
and rapid motions with respect to surrounding fragments. Additionally, 
such dynamics frequently occur over short timescales. Therefore defining 
their kinematic history can require the utilisation of a diverse spectrum 
of geological data. In the Northern Melanesian region numerous such arc 
terranes are present, and developing constraints as to their kinematic history 
was a major objective of this study.
Where available, we have utilised palaeomagnetic, fission track, geodetic, 
seismic and geological data to ascertain the evolution of such geological units. 
Whilst the number and distribution of such data are limited – compared to 
the huge array of information available regarding other geological provinces 
Figure 3. Tectonic reconstruction plate circuit.
Tectonic reconstructions of Northern Melanesia are presented within the WK08-G Pacific 
ARF of Wessel and Kroeke (2008). A key characteristic of our model is the transferral of the 
Solomon Islands, and associated fragments, from the Australian Plate onto Pacific Plate at 6 
Ma. Plate motion, and associated references, are presented within Appendix 2A.
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– we were still able to develop a logically self-consistent tectonic framework, 
and draw important conclusions in consequence thereof.
Mesh-based tectonic reconstruction
In addition to determining the rigid rotation of the major plates and arc 
terranes, an important aspect of our reconstruction involved the incorporation, 
and visualisation of continental deformation. The Northern Melanesian 
region consists of a diverse range of tectonic environments, including regions 
that have undergone a high degree of crustal shortening. For this study, 
we have assimilated the deformation associated with the formation of the 
Papuan Fold Belt, and uplift of the Islands of Malaita and Santa Isabel, as 
part of the Malaita Anticlinorium (e.g., Kroenke et al., 1986) (Figure 2). 
Such deformation has been assimilated into our reconstruction on a broad-
scale, and so provides a depiction of events that might be expected to have 
occurred in the region. While there is evidence for crustal shortening and 
uplift throughout the SW Pacific these fundamental structural data had not 
previously been integrated into tectonic reconstructions of the region.
The visualisation of crustal shortening and uplift within reconstructions has 
important consequences on how we develop and interpret a tectonic model. 
For instance, the crustal shortening involved in the development of the 
Papuan Fold Belt was on the order of ~100 km (Hobson, 1986; Hill, 1991). 
Consequently, this influences inferences as to the relative location of the 
northern New Guinea margin and the Pacific Plate. Such geographic details 
could be interpreted as being insignificant when compared to the long-term 
plate motion. However, the tectonic model presented here focuses on a region 
with numerous small (>250 km) arc terranes and continental segments, the 
movement and interaction of which can have important consequences on 
the tectonic regime (e.g., Wallace et al., 2005). 
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Incorporation of deformation into a tectonic reconstruction also assists in the 
analysis of a tectonic model. Visualising changes in topography and elevation 
through time can reveal patterns and movements that are not otherwise 
discerned. Considerable effort was directed towards the development of 
reconstruction software capable of the more traditional rotation of rigid 
fragments, in addition to assimilating continental deformation and quantifying 
its effect on tectonic evolution.
Reconstruction software
The reconstructions developed within this study utilised the Pplates software 
(Smith et al., 2007; O’Kane and Lister, 2012). Pplates allows the effects of crustal 
deformation to be monitored on regional and global scales. Deformation is 
integrated into the tectonic reconstruction through the use of data carried by 
triangular mesh faces. This surface is constrained within three-dimensions, 
and here the mesh conforms to the surface of the Earth (Smith et al., 2007). 
Geological and geophysical data determine the motion of individual mesh 
nodes: rigid sections are fixed, while deformation is distributed throughout 
the intervening zone. 
These meshes can carry various geological data. For this reconstruction of 
Northern Melanesia, we have imported the NOAA ETOPO2 topographic 
and bathymetric data. Transformations of this data through time do not 
involve the effect of erosion, but rather allow the observation of variations 
in crustal thickness through time.
In essence, to reconstruct Northern Melanesia we have applied a methodology 
involving the following steps: (i) magnetic isochron data to provide the first-
order constraints on the motion of the major plates; (ii) these major plates 
are rigidly rotated to acquire a “starting” configuration; (iii) following this, 
a wide range of geological data are used to determine the kinematics of the 
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intervening micro-plates and arc terranes; (iv) modifications that consider 
the assimilation of crustal deformation into our modelling. The results of 
this approach are presented in the following section.
TECTONIC MODEL
The tectonic model of Northern Melanesia is referenced within the WK08-G 
Pacific Absolute Reference Frame (ARF) of Wessel and Kroeke, (2008). The 
reconstructions are presented as a series of individual images at time intervals 
of 2 Ma, each accompanied by a descriptive explanation of the major tectonic 
developments that occurred during the specified time period. Latitude-
Longitude projection is used, with each maps centred on 7°S 153°E. A critique 
of the compiled data and an overview of the model, and its implications, is 
presented within the discussion. Each image is illustrated to emphasize the 
main points contained within the associated text.
Tectonic reconstruction: 10 to 8 Ma (Figures 4-5)
This model requires left-lateral strike-slip motion to have occurred along the 
entire northern margin of New Guinea (e.g., Hall, 2002). The highly oblique 
nature of the convergence between New Guinea and the Caroline Plate, in 
conjunction with the currently observed extent of subducted lithosphere 
beneath New Guinea, suggests that southwards subduction of the Caroline 
Plate had only recently commenced. Arc terranes, located on the southern 
margin of the Caroline Plate, likely moved along the northern New Guinea 
margin in a complex and intermittent fashion. While many separate terranes 
have been classified, due to a lack of appropriate data it is not possible to 
determine their individual kinematic histories. Consequently, this model 
depicts the motion of these arc-fragments in a manner that is likely a simplistic 
rendition of their true kinematic evolution. Following this, the current 
convergence rate between northern New Guinea and the Caroline Plate is 
utilised to approximate the position of these arc terranes at 10 Ma.
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Figure 4 [facing page]. Reconstruction of the Northern Melanesian region at 10 Ma.
Collision between the Gautier (G), NNG (N), and Torricelli (T) terranes occurs along a left-
lateral strike-slip fault situated on the northern margin of New Guinea. This results in the 
initiation of crustal shortening, which progressed from north to south, and east to west. Active 
subduction of the Pacific Plate-Ontong Java Plateau is takes place along the North Solomon 
Trench. Topography is depicted by present-day data (NOAA ETOPO2) carried within Pplates 
mesh faces. Crustal volume is maintained, however the effects of erosion on elevation through 
time have not been simulated. White lines with solid white triangles represent active subduction, 
while dashed white lines with solid black triangles illustrate extinct subduction zones. The 
dashed yellow line represents the projected location of the Pocklington Trough, as per the 
reconstruction of Schellart et al. (2006). Inward-pointing black arrows show the location of 
crustal shortening. Black hashed zones are regions that are now subducted, in the present-day 
(i.e. have been “unsubducted” by the reconstruction). Thin black lines illustrate active crustal 
faulting, with the direction of movement depicted by the open-pointed black arrow. Where fault 
location is uncertain a thick black dashed line is used, again with the direction of movement 
depicted by the open-pointed black arrow. Vertical axis rotation direction of arc fragments is 
portrayed by curved black solid arrows. The thin black line with solid black triangles represents 
the location of the southern thrust front associated with the Papuan Fold Belt. Red lines detail 
the position of active spreading centres.
As a result of the oblique convergence and subsequent low-contraction rates 
operating in northern New Guinea, both the Papuan Fold and Mobile Belts 
remain relatively stable throughout this time period (Hill and Raza, 1999). 
Southwards-directed subduction occurring beneath the Solomon Islands Arc 
was associated with minimal levels of deformation (Petterson et al., 1999). 
This subduction at the North Solomon Trench likely involved the leading 
edge of the Ontong Java Plateau (Musgrave, 2013).
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Figure 5 [facing page]. Reconstruction of the Northern Melanesian region at 8 Ma.
Continued subduction at the Northern Melanesian Trench (NMT). Crustal shortening and 
formation of the Papuan Fold Belt (PFB) continues. Refer to Figure 4 for image description.
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Figure 6 [facing page]. Reconstruction of the Northern Melanesian region at 6 Ma.
Crustal shortening and uplift intensifies in central New Guinea. Refer to Figure 4 for image 
description. North-dipping subduction at the New Britain Trench (NBT) commences by 6 Ma.
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Figure 7 [facing page]. Reconstruction of the Northern Melanesian region at 4 Ma.
With subduction of Pacific-OJP lithosphere at the North Solomon Trench ceasing, Australia-
Pacific Plate convergence is accommodated by the rapid removal of the Solomon Sea Plate 
along its eastern margin at the New Britain Trench (NBT). Collision occurs between New 
Guinea and the Finisterre Terrane (FT). Subduction of the Woodlark Basin at the San Cristobal 
Trench results in the formation and emergence of the islands of the New Georgia Group. Refer 
to Figure 4 for image description.
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Figure 8 [facing page]. Reconstruction of the Northern Melanesian region at 2 Ma.
Finisterre and Adelbert Terranes impinge on the northern margin of New Guinea. This results 
in the rotation of the South Bismarck (SB) Plate and seafloor spreading in the Bismarck Basin. 
Refer to Figure 4 for image description.
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Figure 9 [facing page]. Present-day tectonic setting of the Northern Melanesian region. 
Refer to Figure 4 for image description.
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8 to 6 Ma (Figures 5-6)
At ~8 Ma convergence between northern PNG and the Caroline Plate 
intensified (Cloos et al., 2005), as the margin transitioned towards arc-
continent collision. The arc terranes located on the Caroline Plate initially 
collided in the eastern-section of the Mobile Belt at ~8 Ma, a date inferred 
using fission track thermochronology studies (Hill and Raza, 1999). This 
collision initiated the uplift and subsequent formation of the Papuan Mobile 
Belt, with accompanying large-scale erosion and cooling (Hill and Raza, 
1999). As the arc terranes along northern New Guinea collided from east-
to-west there was a westward propagation of the uplift (Cloos et al., 2005). 
Thermochronologic data, acquired from the metamorphic complex on 
Misima Island, was used to determine the onset of rifting in the Papuan 
Peninsula. These data indicate that deformation and intrusion of granitic 
units commenced at ~8.4 Ma (Taylor and Huchon, 2002). This rifting is 
interpreted as the precursor to the extension that forms the Woodlark Basin.
6 to 4 Ma (Figures 6-7)
Subduction of the Australian Plate beneath the Solomons Arc commenced at 
approximately 6 Ma (Petterson et al., 1997). This is revealed by the emergence 
of the Malaita Anticlinorium from abyssal depths, and the subsequent change 
to a shallow marine environment, as revealed by stratigraphy (Petterson et 
al., 1997). Subduction occurring on both the eastern and western margins 
resulted in contraction and uplift throughout the Solomons Arc (refer to 
Appendix 2B). The absence of volcanism in the eastern Solomons Arc during 
this period is a consequence of collision with the thickest part of the OJP 
(Coleman and Kroenke, 1981; Mann and Taira, 2004). Specifically, the north-
dipping slab of the Australian Plate was in contact with the OJP, and thus 
there was no intervening asthenospheric wedge, consequently limiting 
magma production (Coleman and Kroenke, 1981). The trace of hotspot 
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volcanism reveals that the Australian Plate-OJP collision forced the Pacific 
Plate to commence counter-clockwise rotation at ~5 Ma (Wessel et al., 2006).
This change in plate motion, occurring at ~5 Ma, produced the current 
tectonic setting with increased convergence between New Guinea and the 
Caroline Plate. Transpression continued within the Mobile Belt, albeit at lower 
rates of convergence and uplift (refer to Appendix 2B) (Hill and Raza, 1999). 
Further to the south, apatite fission track analysis reveals the Papuan Fold 
Belt was uplifted, eroded and cooled from ~4 Ma to Present (Hill and Raza, 
1999). This cooling is evident in the Kubor and Muller Anticlines. Located 
250 km apart within the Fold Belt, the exposed basement of these structures 
was uplifted and cooled at approximately 4 Ma (Hill and Gleadow, 1989).
North-dipping subduction of the Solomon Sea Plate was occurring along 
the eastern margin of the NBT by 6 Ma, while the western segment of the 
present-day NBT was still a large left-lateral strike-slip fault. At this time 
the Woodlark Basin was rifting westwards into the Papuan Peninsula, while 
being subducted at roughly the same rate along the San Cristobal Trench. The 
Woodlark Basin Spreading Centre rapidly propagated to the west, splitting the 
Woodlark and Pocklington Rises, and extending into the Papuan Peninsula 
with core complexes forming in advance of the spreading tip. 
4 Ma to Present (Figures 7-9)
Abbott et al. (1994a) showed a stratigraphic change marking collision between 
the western corner of the Finisterre Terrane and the N-E margin of New 
Guinea. The Finisterre Terrane collided end-on with units composed of 
continental crust, leading to a “hard” docking and subsequent rapid uplift, 
altering the nature of the pre-collisional depositional system (Abbott, 1995). 
Uplift of Paleogene volcanic rocks, which were rapidly eroded and deposited 
as volcanolithic turbidites, dates this event at 3.0-3.7 Ma (Abbott et al., 1994b). 
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Conversely, accretion of the Adelbert Terrane was oblique and thus likely to 
involve a “soft” collision, whereby low levels of contraction were associated 
with limited provenance shifts within the surrounding sedimentary units 
(Abbott, 1995). The collision of both the Adelbert and Finisterre Terranes 
occurred above a single, northward-dipping subduction zone.
Collision between the Finisterre Terrane and New Guinea progressed to the 
southeast at approximately 110-240 km per Ma (Silver et al., 1991), resulting 
in the Finisterre Terrane overriding the Papuan Ultramafic Belt by at least 
1.8 Ma (Abbott, 1995). A study conducted by Gill et al. (1993) used Boron 
ratios to show that suturing between the Finisterre and Adelbert Terranes 
and New Guinea began in the westernmost segment in the early Pliocene, 
and since 1 Ma at the site of the present-day triple junction. As collision 
progressed the Finisterre Terrane underwent significant clockwise motion 
with respect to Australia (Weiler and Coe, 2000), while rapid uplift placed 
the foreland of the Adelbert terrane above sea-level sometime after 1.3 Ma 
(Abbott et al., 1994b).
Collision between the OJP and the Solomons Arc (which had commenced by 
~6 Ma) intensified, with the strongest period of contractional deformation 
occurring from 4 to 2 Ma (Petterson et al., 1997). Such deformation marks 
the accretion of the upper sections of the OJP onto Malaita and northern 
Santa Isabel (Kroenke et al., 1986). Line-balanced cross sections suggest 
total shortening of between 24 and 46 percent (Petterson et al., 1997). The 
model presented here accordingly applies 35 percent shortening throughout 
the south-eastern region of the Solomon Islands.
Magnetic anomalies indicate that asymmetric seafloor spreading in the 
Bismarck Sea had initiated by at least 3.5 Ma, at a total opening rate of 132 
mm/year-1 (Taylor, 1979). The pole of relative motion between the Pacific 
 2–35
CHAPTER 2       NORTHERN MELANESIA
and South Bismarck Plates is at 18.5°S and 141°E (Taylor, 1979). The rate 
of rotation is 4.0° per Ma, equating to 14° of total rotation, from 3.5 Ma to 
Present (Taylor, 1979). This rotation of the South Bismarck Plate initiated 
subduction along the western side of the NBT.
Based on an assessment of side-scan imagery, seismic reflection profiles 
and various geological data, Crook and Taylor (1994) concluded that the 
Woodlark Spreading Centre changed direction at ~2 Ma into a series of short 
ESE-trending segments. Magnetic isochron data illustrate that for the last 1 
Ma the opening rate had been 60 mm/ year-1 (Weissel et al., 1982). At 80 ka 
basin opening reoriented through synchronous jumping of the spreading 
centre, without propagation or rotation (Goodliffe et al., 1997). Along the 
basin, from east to west, the current spreading rate declines by >10%, defining 
a present-day pole of opening at 15°-20° to the west (Weissel et al., 1982).
As evidenced by the above reconstructions, during the past 10 Ma Northern 
Melanesia has undergone a complex evolution, with various tectonic events 
and processes occurring over only a period of several million years. The rapid 
formation and destruction of microplates, spreading centres and subduction 
zones transpired through the relative convergence between the Australian 
and Pacific Plates. 
DISCUSSION
Arc polarity reversal beneath the Solomon Islands
There are several noteworthy features of this reconstruction of Northern 
Melanesia. Foremost regards the timing of Solomons Arc reversal, and the 
subsequent transferral of the North Melanesian arcs from the Australian 
Plate onto the Pacific Plate. Since the concept was first proposed by Karig and 
Mammerickx (1972), a consensus has emerged that arc polarity reversal has 
occurred beneath the Solomon Islands (Cooper and Taylor, 1985; Petterson et 
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al., 1997). The notion of polarity reversal involves the cessation of subduction 
on one side of an arc, with subsequent convergence accommodated by 
subduction initiation on the opposite side sometime during the Miocene 
(e.g., Karig and Mammerickx, 1972). The presence of two juxtaposed Wadati-
Benioff Zones with opposing polarity located beneath the Solomon Islands 
was the first direct seismic evidence of arc polarity reversal beneath an island 
arc (Cooper and Taylor, 1985). 
The timing of this tectonic event has been contested, however. Several 
geological and geochemical data provide the basis for such uncertainty. 
In the discussion below we document the varying hypotheses for the timing of 
OJP-Solomons collision. Following this we analyse the numerous assumptions 
and data that are utilised in the development of such models, specifically: (i) 
assumed SW-directed subduction of the Solomon Sea Plate at the Trobriand 
Trough; (ii) the extent of the Solomon Sea slab that has been subducted at 
the NBT; (iii) the presence of subducted lithosphere at the North Solomon 
Trench; (iv) the extent of subducted lithosphere predicted by different 
reconstructions; and (v) palaeomagnetic data from the Solomon Islands. 
We conclude by outlining a specific model for OJP-Solomons Arc collision 
and polarity reversal that satisfies all currently documented data.
Alternative hypotheses for the timing of Solomons Arc reversal
The majority of tectonic reconstructions place the Solomons Arc polarity 
reversal as occurring in the Early Miocene (e.g., Yan and Kroenke, 1993; 
Hall, 2002; Kroenke et al., 2004; van Ufford and Cloos, 2005; and Gaina and 
Müller, 2007) (Figure 10a). The premise behind an Early Miocene polarity 
reversal is that the observation of a pause in volcanic activity in the Solomons 
Arc, between approximately 20 and 15 Ma, and the assumption that this is 
the consequence of “soft-docking” of the OJP and the Solomons Arc at ~22 
Ma (Kroenke et al., 1986; Yan and Kroenke, 1989; Petterson et al., 1997; and 
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Petterson et al., 1999). The term “soft-docking” is employed as there is no 
evidence of deformation resulting from this inferred tectonic event apparent 
on the Solomon arc around this time. 
Figure 10 Schematic of two alternative hypotheses for the timing of the collision between 
the OJP and Solomons Arc and subsequent polarity reversal, at (a) the Early Miocene, or 
alternatively (b) ~6 Ma. 
(a) depicts a much greater areal extent for the Solomon Sea Plate, and transfers linking Trobriand 
Trough and Pacific subduction. (b) suggests a smaller size for the Solomon Sea Plate, and no 
subduction at the Trobriand Trough. Hashed zone illustrates the surface extent of presently 
subducted the Solomon Sea Plate, while the stippled region represents that which is still to be 
subducted. Refer to text for discussion.
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An earlier date for Solomons Arc polarity reversal can be inferred through 
the geochronological study of hotspot activity. Knesel et al. (2008) used 
40Ar/39Ar data derived from eastern Australian hotspots to suggest a link 
between Australian Plate motion and OJP-Solomons Arc collision. The authors 
conclude that the OJP plateau entered and jammed the North Solomon 
Trench at 26 Ma, causing an offset in the alignment of hotspot seamount 
tracks throughout the Australian and Pacific Plates.
For reasons outlined below, the reconstruction presented in this study follows 
that of Mann and Taira (2004), whereby Solomons Arc reversal is modelled 
as occurring around the Late Miocene-Early Pliocene (Figure 10b). In such 
a scenario, it is suggested that subduction of the Solomon Sea Plate at the 
eastern NBT initiates at 6 Ma. Correspondingly, subduction at the North 
Solomon Trench slows from 6 Ma until around ~4 Ma, when the North 
Solomon Trench becomes jammed with a resultant emergence of the Malaita 
Anticlinorium (refer to Figure 6).
Subduction at the Trobriand Trough
Tectonic models of Northern Melanesia that invoke Early Miocene OJP-
Solomons Arc collision require a large areal extant for the proto-Solomon Sea 
Plate. In such models, the Solomon Sea Plate would need to have extended 
more than 2000 km E-W, while models with a Late Oligocene collision event 
(Knesel et al., 2008) predict an even greater lateral extent. Such models 
require that a substantial amount (i.e. >1000 km) of Solomon Sea Plate has 
been subducted at the Trobriand Trough (Figure 1) during the Miocene. It is 
inferred that this subduction involved numerous transform faults that split 
the Solomon Sea Plate in order to accommodate the differing subduction 
polarity (e.g., van Ufford and Cloos, 2005; Knesel et al., 2008) (refer to 
Figure 10). Such a model also implies that when subduction at the Trobriand 
Trough ceased, the remainder of the Solomon Sea Plate must be subsequently 
subducted at the NBT (Hall, 2002; van Ufford and Cloos, 2005). 
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However, there is no evidence for subduction at the Trobriand Trough (cf. 
Baldwin et al., 2012). There is no slab visible in earthquake data or tomography 
models, no arc magmatism, and the only justification seems to be the actual 
reconstruction models used by the proponents. The necessity for Australia-
Pacific convergence across the Trobriand Trough is a direct consequence of 
when the authors assume polarity reversal to have taken place. 
The Trobriand Trough is a linear sediment-filled depression located on the 
SW margin of the Solomon Sea Plate. Several studies have attempted to 
locate the predicted subducted remnants of Trobriand Trough subduction. 
Miocene subduction at the trough would involve a subducted slab entering 
the upper mantle in the present-day location of the Coral Sea and Queensland 
Plateau, since Australia would have overridden the slab at it moved north 
(Hall and Spakman 2002). Yet Hall and Spakman (2002) found no presence 
for such subducted lithosphere. Further, the subducted lithosphere predicted 
by models advocating Trobriand Trough subduction (Hall, 2002; Kroenke et 
al., 2004; van Ufford and Cloos, 2005; Gaina and Müller, 2007; Knesel et al., 
(2008) should be visible. For instance, the tomographic model of Hall and 
Spakman (2002) had a resolution of 4° in this region, and thus the presence 
of +1000 km of subducted material should be clearly visible. Alternatively, it 
could be suggested that the inferred subducted lithosphere of the Trobriand 
Trough is too young to be visible. However, Hall and Spakman (2002) go 
on to state that elsewhere the subduction of lithosphere of a similar age 
(Oligocene) produces clear anomalies.
An alternative view is that subduction at the Trobriand Trough has been 
active only in recent times (e.g., Lock et al., 1987). In fact there is limited 
evidence that this is the case. For example, the pattern of seismicity south of 
the Trobriand Trough lacks a pattern indicative of subducting lithosphere (e.g., 
Johnson, 1978). Other data, including seismic reflection surveys, show the 
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Trobriand Trough to be filled with sediments that are only weakly deformed by 
normal faulting, suggesting convergence of no more than several millimetres 
per year (Davies and Jaques, 1984; Lock et al., 1987). GPS data also backs-up 
the assertion arguing against significant recent activity along the Trobriand 
Trough (Wallace et al., 2004).
The final piece of evidence used to infer SW-directed subduction of the 
Solomon Sea Plate is the formation of the Maramuni terrane (e.g., Hill and 
Raza, 1999). However, the volcanism associated with the Maramuni terrane 
does not necessitate the presence of SW-directed subduction. It is equally 
feasible that a N-dipping slab was involved. Johnson et al. (1978) propose that 
the geochemical signature may rather be a consequence of the melting of a 
mantle source modified by previous subduction events. It may also be that 
the arc-related volcanism is the result of decompression melting of uplifting 
asthenosphere (Woodhead et al., 2010). Many aspects of the geology of the 
Maramuni terrane remain conjectural. Consequently, here we assume that 
most, if not all, Solomon Sea Plate subduction has taken place at the NBT, 
as advocated by Abbott (1995).
Solomon Sea slab morphology
The initiation of Solomon Sea Plate subduction at the NBT is interpreted to 
have commenced at ~6 Ma (e.g., Hall, 2002). Dating of subduction-related 
magmatism along the arc system (e.g., Johnson, 1979) shows that N-directed 
subduction at the NBT is unlikely to have occurred prior to this time. This 
subduction has by now led to the presence of a well-defined Wadati-Benioff 
Zone, dipping to the north.
The morphology of the Solomon Sea slab that has subducted at the NBT 
has been determined by numerous studies of the seismic activity present 
beneath the trench (e.g., Johnson et al., 1971; Johnson and Molnar, 1972; 
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Curtis, 1973; Johnson and Jaques, 1980; and Cooper and Taylor, 1987). The 
eastern extent of the Solomon Sea slab is located at 156°E, SW of Bougainville 
Island. Below this point, the slab is present to a depth of ~400 km, from where 
it continues at this depth towards the west. The slab curves in an arcuate 
fashion to the north, in a way that resembles the NBT geometry present at 
the surface. From here the geometry mirrors that in the east, with the slab 
curving back in a southwesterly direction, and extending to a maximum 
depth of 610 km. This morphology and depth-extent has been confirmed 
by tomographic studies (e.g., Hall and Spakman, 2002).
Solomon Sea slab: predicted versus observed extent
The 3D morphology of the Solomon Sea slab, presently observed through 
seismicity and tomographic analysis, suggest the original width of the plate 
was on the order of ~1000 km. The eastern margin of this plate, prior to 
N-E-directed subduction, borders the Solomons Arc, with the western 
margin adjoining the Australian Plate. Consequently, an independent test as 
to the timing of arc polarity reversal is provided by comparing the amount 
slab presently observed in the upper mantle with the amount predicted by 
tectonic reconstruction.
Tectonic models suggesting an Early Miocene polarity reversal require the 
proto-Solomon Sea Plate to have extended more than 2000 km in width. 
Clearly this is far greater (more than double) than what is presently observed 
in the upper mantle, both beneath the NBT and Trobriand Trough. Therefore 
here we suggest the notion that a proto-Solomon Sea Plate extended only 
~1000 km, a value that is similar to that which is seen in the upper mantle 
today. 
The question then must turn to what accommodated Australian-Pacific 
convergence from the Early Miocene to ~6 Ma?
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Subducted lithosphere beneath the Solomons Arc
Southwest-directed subduction beneath the Solomons Arc has been occurring 
since at least the Middle Eocene (e.g., Hall, 2002; Schellart et al., 2006). 
Various data indicate that this subduction has only recently ceased. Swath 
mapping data acquired near the Malaita reveals young structural deformation, 
consistent with recent subduction at the North Solomon Trench (Kroenke, 
1995). The distribution of seismicity supports this assertion, with a steeply 
SW-dipping Wadati-Benioff Zone located beneath the trench (e.g., Cooper 
and Taylor, 1984) (Figure 11). This seismic zone extends from west of the 
Choiseul Islands and down to Malaita Island in the southeast (Figure 2), 
and is subduction of either the OJP, or oceanic lithosphere that preceded 
the OJP (Mann and Taira, 2004). The seismic zone extends at an average 
dip of 45° down to 100 km depth, from where the subducted lithosphere 
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Figure 11. Wireframe model of subducted lithosphere present beneath the Solomon Islands.
Model developed from earthquake hypocentre data (refer to Chapter 3 of this thesis for an 
explanation of the method), with the silver-toned surface representing the upper-surface of 
seismicity. Horizontal contours are at 20 km intervals. It can be seen that subducted lithosphere 
present at the North Solomons Trench to depths approaching 300 km. A fragment of lithosphere 
is present at ~600 km depth, and appears to be discontinuous from the subducted lithosphere 
above. Subducted Australian and Woodlark lithosphere is also illustrated, and is observed to 
depths of ~200 km. See text for discussion.
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steepens to a dip of 75° (e.g., Cooper and Taylor, 1985), protruding to ~350 
km. A deeper, potentially detached, region of seismicity is also present at 
~600 km depth (Figure 11).
The deeper levels of seismicity appear to be continuous with a large high-
velocity anomaly. Located to the southwest of the Solomon Islands a very large 
flat anomaly is present between depths of 500 and 700 km. This extensive 
anomaly is interpreted to be the result of subduction at the North Solomon 
Trench since 45 Ma (Hall and Spakman, 2002). 
The existence of subducted lithosphere at shallow levels beneath the North 
Solomon Trench is unlikely if polarity reversal occurred during the Early 
Miocene (e.g., Hall, 2002; Kroenke et al., 2004; van Ufford and Cloos, 2005; 
and Gaina and Müller, 2007) or prior (Knesel et al., 2008). Rather, these data 
indicate that until recent time the North Solomon Trench accommodated 
convergence between the Australian and Pacific Plates. 
Palaeomagnetism
Palaeomagnetic data provide constraints as to the first initial contact between 
the OJP-Solomons Arc. Malaita and Santa Isabel form the “Pacific Province”, a 
zone of accreted volcanic basement and oceanic sediments, closely resembling 
samples obtained from the OJP (Packham and Andrews, 1975; Hughes and 
Turner, 1976; Petterson et al., 1997). The accepted model for the emplacement 
of these units onto the Solomons Arc involved an Early Miocene OJP-Arc 
collision event, with subsequent emplacement of the Pacific Province and 
arc polarity reversal (e.g., Hall, 2002; Kroenke et al., 2004; van Ufford and 
Cloos, 2005; and Gaina and Müller, 2007). Musgrave (1990) challenged 
this model by requiring Malaita to have been fixed to the Australian Plate 
before this inferred collision event. In such a model palaeomagnetic poles 
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for samples obtained from Malaita fall on the Australian polar wander path, 
once corrected against 6.5 Ma of relative Australia-Pacific motion (Musgrave, 
1990). 
A recent study (Musgrave, 2013) modifies this theory whereby it is suggested 
Malaita has been a part of the Solomons Arc from at least the Late Eocene. 
To emplace the Malaita Terrane onto the Solomons Arc prior to the Late 
Eocene requires the OJP to have a much greater extent compared with what 
is currently observed. Therefore, it is suggested a large portion of the leading 
Figure 12 Schematic of collision and polarity reversal at the Solomons Arc.
(a) illustrates the location of the Solomons Arc relative to New Guinea and the OJP during 
the Late Eocene, according to Musgrave (2013), while (b) depicts an alternative view for the 
Late Eocene (this study). (c) illustrates the setting at the time of polarity reversal (in this case 
the Middle Miocene) (Musgrave, 2013), with (d) portraying polarity reversal at 6 Ma, as 
presented in this study. (a) and (b) both demonstrate Malaita and Santa Isabel were accreted 
onto the Solomons Arc by at least the Late Eocene. However, according to Musgrave (2013) 
(a), the Solomon Sea Plate had a significantly greater extent when compared to the more distal 
location of the Solomons Arc to the OJP, as shown in (b). At the initiation of polarity reversal 
in (c) there is a requirement to remove a Solomon Sea Plate of large extent. Thus, subduction 
at the Trobriand Trough is envisaged, in addition to a transfer splitting the Solomon Sea Plate. 
However in (d), subduction of a smaller Solomon Sea Plate, and later polarity reversal time, 
requires no subduction at the Trobriand Trough. Refer to text for further discussion.
a c
b d
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edge of the OJP has subducted beneath the Solomons Arc, prior to Middle 
Miocene polarity reversal (Musgrave, 2013).
Musgrave (2013) suggests that during the Middle Miocene there was a period 
of subduction at the Trobriand Trough, with the subduction occurring 
adjacent to the OJP being linked to the Trobriand Trough via a large transform 
fault (Figure 12b). While the model of Musgrave (2013) fulfils constraints 
provided by palaeomagnetic data for the accretion of the Malaita Terrane, it 
fails to consider the observed extent of subducted lithosphere at the North 
Solomon and New Britain Trenches.
As previously discussed, the evidence for subduction at the Trobriand Trough 
is limited, and it appears that S-W subduction of the Solomon Sea Plate is 
envisaged as it is a requirement of models with a pre-6 Ma OJP-Solomons 
Arc collision. Additionally, models with pre-6 Ma polarity reversal require 
the subduction of a large Solomon Sea Plate, and there is no evidence such 
a geometry ever existed. Further, models advocating for a Middle Miocene 
jamming of the North Solomon Trench fail to consider evidence for recent 
subduction having occurred in that region.
Alternative model of tectonic events at the Solomons Arc
In order to satisfy palaeomagnetic, geological and subduction constraints 
we propose an alternative model for the Solomons Arc, as follows:
(i) S-W subduction of Pacific lithosphere commenced along the 
North Solomon Trench as early as the Late Eocene (e.g., Hall, 2002; 
Schellart et al., 2006); 
(ii) Shortly after the initiation of S-W subduction, the leading edge 
of the OJP arrived at the North Solomon Trench. This caused the 
uppermost basaltic and sedimentary part of the crust to be offscraped, 
emplacing the Malaita and Santa Isabel Terranes onto the Solomons 
Arc (as per Musgrave, 2013);
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(iii) Polarity reversal did not occur at this time, but rather the lower 
80% of the OJP continued to be subducted at the North Solomon 
Trench (Mann and Taira, 2004). This event, commonly referred 
to as a “soft docking” causes a pause in volcanic activity along the 
Solomons Arc, between approximately 20 and 15 Ma (e.g., Kroenke 
et al., 1986; Yan and Kroenke, 1993). This contact between the OJP 
and Solomons Arc also results in a deflection of the Australian Plate 
(Knesel et al., 2008);
(iv) Subduction of the leading edge of the OJP continues until the North 
Solomon Trench system finally becomes blocked at ~6 Ma, causing 
deformation and uplift within the Pacific Province. Shortly thereafter 
arc polarity reversal occurs through subduction of comparatively 
less buoyant crust. This initiates along the southwest margin of the 
Solomons Arc, and transfers the arc onto the Pacific Plate (Figure 6).
The development of this model for Solomons Arc polarity reversal utilised a 
different approach compared to that undertaken in traditional reconstruction. 
Incorporating crustal deformation into the model, and correlating predictions 
with the observed extent of subducted lithosphere, assists in the development 
of a tectonic framework that conforms to currently published data. We 
have stepped through the logic and produced data justifying an evolution 
that differs from the commonly accepted notion of an early Miocene-Late 
Oligocene polarity reversal, aligning more closely to that proposed by Mann 
and Taira (2004) for a polarity reversal at 6 Ma.
Note that we have provided the entire rotation dataset associated with this 
reconstruction in Appendix 2A.
 2–47
CHAPTER 2       NORTHERN MELANESIA
Displacement and segmentation in the Solomon Islands
Further to the above discussion we consider some additional features of 
our Northern Melanesian reconstruction. The Solomon Islands have not 
only been the subject of arc polarity reversal, but also the site of significant 
translation of crustal segments. Here we describe the kinematic history of 
the Choiseul segment (Phinney et al., 2004), located in the central Solomon 
Islands (Figure 2). The Choiseul segment lies between the southern end of 
Bougainville and the northern end of Guadalcanal, and from the KKK fault 
zone to the North Solomon Trench (Phinney et al., 2004) (Figure 2). 
Geology of Choiseul
The basement of Choiseul is made up of oceanic basalts and schists, likely 
of Cretaceous or early Tertiary age (Coulson and Vedder, 1986; Bruns et 
al., 1989). Above the basement is Oligocene conglomerate and calcsilicates, 
which are in turn overlain by elevated limestone formations (e.g., Coulson 
and Vedder, 1986; Pound, 1986). The islands of Guadalcanal and Makira, 
located in the southern Solomon Islands (Figure 2), all have basement that 
is structurally and petrologically similar to Choiseul, and collectively the 
group are referred to as the “Central Province” (Coleman, 1966). 
The geology of neighbouring islands is distinct from that seen within the 
Central Province. This basaltic basement present on Choiseul is not exposed 
on Bougainville, while no signs of a metamorphic basement have been found 
in the New Georgia group. The basement of Malaita and Santa Isabel (Figure 
2) is formed of unmetamorphosed basalts of Early Cretaceous age. Coulson 
and Vedder (1986) subsequently termed the New Georgia Group as a separate 
“Volcanic Province”. It is now widely considered that the northeastern section 
of Santa Isabel and the Island of Malaita form part of the ‘‘Pacific province’’, 
which is composed of an offscraped section of the OJP (e.g., Kroenke et al., 
1986).
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These geologically distinct units form a double-chain arc system (Figure 2). 
Such a setting is particularly interesting as islands belonging to the same 
geological province are located on opposite sides of the arc, such as Choiseul 
and Guadalcanal. Coleman (1975) was the first to propose that the formation 
of the double-chain character of the arc could have been the result of recent 
(Miocene to Present) displacement of an originally linear arc chain.
Displacement of Choiseul
Ridgway (1987) proposed a model whereby subduction of the Woodlark 
Basin Spreading Centre at the San Cristobal Trench (Figure 1b) increases 
the coupling between the Australian and Pacific Plates. It is shown that 
subduction of the Woodlark Basin occurred sometime prior to 3.5 Ma 
b
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Figure 13. Tectonic displacement Choiseul, Solomon Islands.
(a) present-day location of Choiseul (1) [coloured red] with respect to Bougainville (2), Santa 
Isabel (3) and the New Georgia Group (4). (b) location of Choiseul, prior to the initiation of 
subduction at the New Britain-San Cristobal Trench (6 Ma). Subduction of Woodlark lithosphere 
results in the NE displacement the Choiseul arc segment. Such movement is accommodated 
inferred faults represented by the black lines, with arrows symbolising strike-slip direction. 
This interpretation follows that as proposed by Ridgway (1987). Background image from the 
Global Multi-Resolution Topography data portal (Ryan et al., 2009). The New Britain-San 
Cristobal and North Solomons Trenches are shown by the jagged black line, with the yellow 
lines highlighting the location of the Woodlark Spreading Centre in (a). The dashed yellow line 
(b) represents the projected location of the Pocklington Trough, as per the reconstruction of 
Schellart et al. (2006). The Woodlark Basin and Australian lithosphere imaged in (b) is shown 
for illustrative purposes only.
 2–49
CHAPTER 2       NORTHERN MELANESIA
(Weissel et al., 1982). Coupling between the overriding arc and subducting 
Woodlark lithosphere is accompanied by deformation involving N-directed 
thrusting, translating Choiseul to the northeast, relative to the surrounding 
arc segments (Ridgway, 1987). 
Ridgway (1987) also proposed that the island of Santa Isabel was also pushed 
to the northeast with Choiseul. However, we present an alternative view 
whereby Santa Isabel attained its position on the eastern side of the arc via 
emplacement resulting from OJP-arc collision. Therefore, we suggest that 
only Choiseul was displaced to the northeast (Figure 13). Santa Isabel, on 
the other hand, was accreted onto the Solomons Arc along with Malaita, 
following Mann and Taira, (2004). We model Woodlark Basin subduction 
initiation to occur at 6 Ma, with the displacement of Choiseul taking place 
shortly after (Figures 6-7). We follow Ridgway (1987) in that the movement 
of Choiseul was accommodated by folding, thrusting, and strike-slip faulting. 
Structures accommodating displacement
The precise configuration and duration of such movements are difficult to 
ascertain. However, a detailed study on the seismicity and segmentation 
of the Solomon Islands chain revealed the presence of an arc boundary 
located between Choiseul and Bougainville (Chen et al., 2011). Chen et al. 
(2011) suggested that this boundary is located between Bougainville and 
Vella Lavella (Figure 2). This structure was demarcated by differential uplift 
during the 1 April 2007 earthquake (Chen et al., 2011). To the South of the 
New Georgia Group, there is evidence of faulting separating the Russell 
Islands and the neighbouring island Guadalcanal (Chen et al., 2011). We 
use these two structures as defined by Chen et al. (2011) to delineate the 
boundaries of Choiseul displacement (Figure 13), and in the reconstruction 
of the Solomons Arc (Figures 4-9).
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We conclude that the N-E displacement of Choiseul took place within a narrow 
time interval at the end of the Miocene to Early Pliocene. The sequence 
of these events is likely to have been very similar to that suggested in the 
hypothetical model of McCabe (1984). Through this displacement, the present 
configuration of the Solomons Arc can be accounted for by the proposals 
outlined above for the deformation of a formally linear chain of islands.
Manus Island and the Gazelle Peninsula, prior to Bismarck Basin seafloor 
spreading
Further to the north of the Solomon Islands arc segmentation is also apparent. 
Here we discuss the configuration of two geological blocks prior to the 
deformation associated with the opening of the Bismarck Basin. Seafloor 
spreading and crustal extension has taken place in the Bismarck Basin 
since 3.5 Ma. The identification of magnetic isochron data has allowed this 
opening history to be documented. Such data show that symmetrical seafloor 
spreading is taking place at 132 mm/year-1, towards a direction averaging 
N60°W (Taylor, 1979).
Kinematics of the Gazelle Peninsula
Seafloor spreading had a considerable effect on the movement of the Gazelle 
Peninsula (Figure 1). Most authors follow Hamilton (1979) and Taylor 
(1979 ), whereby various structural and geochemical data imply significant 
displacement between the Gazelle Peninsula and western New Britain. Left-
lateral strike-slip faulting, related to Bismarck Basin spreading, appears to 
have translated the Gazelle Peninsula in unison with the movement of New 
Ireland (refer to Figures 7-9). 
Strike-slip faulting
However, this setting is complex, with a number of strike-slip faults, some 
of which have been active since the Oligocene (Lindley, 1988; Madsen and 
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Lindley, 1994). Thus, we are led to postulate a number of scenarios as to the 
location of the Gazelle Peninsula prior to seafloor spreading in the Bismarck 
Basin (Figure 14). Hypothesis (A) (Figure 14a) suggests the Wide Bay Fault 
(Figure 2) of Lindley (1988) accommodates the majority of displacement 
between New Britain and New Ireland, with the Gazelle Peninsula fixed 
relative to S-W New Ireland. Such a scenario requires up to 400 km of left-
lateral strike-slip displacement.
a
c
b
Figure 14. Configuration of Manus Island and the Gazelle Peninsula at 3.5 Ma, hypotheses 
(a) and (b).
Hypothesis A (a) whereby the 3.5 Ma configuration of this region places both Manus Island and 
the Gazelle Peninsula in their present-day location with respect to New Ireland. An alternative 
scenario, hypothesis B (b), situates the Gazelle Peninsula as occupying the region between 
New Britain and New Ireland, with only minor left-lateral strike-slip faulting occurring on the 
Wide Bay Fault (refer to Figure 1). Fragments include the Finisterre Terrane (1), New Britain 
(2), Manus Island (3), Gazelle Peninsula (4), and New Ireland (5). Background image from the 
Global Multi-Resolution Topography data portal (Ryan et al., 2009).
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However, Lindley (1988) uses the similarity between Late Eocene volcanics 
and Late Oligocene intrusive complexes to suggest 100 km of left-lateral 
offset along the Wide Bay Fault (Figure 14b). This implies a large degree of 
displacement must have also occurred between the Gazelle Peninsula and 
New Ireland. Hamilton (1979) and Mori (1989) interpreted the seismically 
active Weitin Fault (Figure 2) as forming the eastern margin of the South 
Bismarck Plate. GPS velocities for the South Bismarck Plate validate this 
hypothesis (Tregoning et al., 1998). Consequently, we are led to apply ~100 
km of relative displacement between the Gazelle Peninsula and New Britain, 
with the remaining displacement accommodated along the Weitin Fault 
(Hypothesis B: Figure 14b).
Kinematics of Manus Ireland
In addition to the Gazelle Peninsula, the New-Britain-New Ireland arc system 
contains another arc fragment that has possibly been displaced relative to 
surrounding blocks. Analysis of seafloor shows 14° of clockwise rotation 
of New Ireland about the South Bismarck Plate (see Appendix 2A). This 
rotation aligns the northern margin of New Ireland with the eastern margin 
of New Britain (Taylor, 1979). It has been proposed that during this motion 
Manus Island remained fixed relative to New Ireland, placing it to the north 
of central New Britain prior to 3.5 Ma (Figure 14a-b) (Taylor, 1979).
A continuous New-Britain-New Ireland arc system
However, here we propose an alternative for the relative location for Manus 
Island. The Manus Island block is located to the northwest of the New Ireland 
trend (Figure 2), and appears to be geologically similar to the Gazelle Peninsula 
and New Ireland. The basement of these regions is composed of Eocene-
Oligocene island arc andesitic and minor basaltic rocks, with overlying 
units consisting volcanics, volcaniclastics, and shelfal carbonates (Exon 
and Tiffin, 1982 and references therein). There is also a broad trend within 
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the characteristics of the sediments that cap the basement, whereby similar 
percentages of volcanic glass and clastics are present (Carlson et al., 1988). 
Widespread extensional faulting involving significant vertical offset has been 
observed throughout the region between New Ireland and Manus Island 
(Exon and Tiffin, 1982), suggesting dislocation of formerly more proximal 
crustal fragments.
Based on the above observations we suggest that prior to 3.5 Ma New 
Britain, Manus, Gazelle Peninsula and New Ireland formed a tightly-fit arc 
sequence (Hypothesis C: Figure 15). This curved but continuous arc system 
was translated to its present-day relative position via left-lateral strike-slip 
faulting and related extension. However, additional geological data are 
required to strengthen our argument, particularly structural and seismic 
profiles of the region between Manus and New Ireland that clearly illustrate 
the degree of crustal deformation. This lack of quantifiable data means we 
have not incorporated this hypothesis (C) into our regional reconstructions of 
a
c
b
Figure 15. Configuration of Manus Island and the Gazelle Peninsula at 3.5 Ma, hypothesis (c).
Scenario whereby both Manus Island and the Gazelle Peninsula are located proximal to the 
New Ireland-New Britain junction, forming a continuous arc chain. The onset of extension, at 
3.5 Ma, extends Manus Island from New Island, away to the NW to its present-day location. 
This displacement is accompanied by left-lateral strike-slip motion along the Wide Bay Fault, 
bringing the Gazelle Peninsula to the northeastern margin of New Britain. Description same 
as Figure 12. Background image from the Global Multi-Resolution Topography data portal 
(Ryan et al., 2009).
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Northern Melanesia. Instead, we have gone with the more cautious approach 
and incorporated hypothesis (B) into our model. That said, we believe further 
consideration should be given to examining extension within the North 
Bismarck Plate, and how such deformation influences the setting and positions 
of surrounding tectonic units.
Trench dynamics
We have utilised the tectonic model presented above to view the kinematic 
evolution of Northern Melanesian subduction trenches. By mapping the 
location of a subduction zone through time information regarding its motion 
Figure 16. Migration of the New Britain-San Cristobal Trenches, 6 Ma to Present.
The reconstructions of Northern Melanesia is presented within the WK08-G Pacific ARF of 
Wessel and Kroeke (2008), and accordingly constraining the subduction zone migration rela-
tive to the lower mantle. At 6 Ma the New Britain-San Cristobal system activated, with NE 
directed subduction consuming the Solomon Sea Plate, Woodlark Basin and Australian litho-
sphere. This subduction has continued through to the present-day. Our model suggests that, 
generally the subduction zone has been progressively migrating to the southwest. This sug-
gests that the relative motion between the Pacific and Australian Plates results in slab rollback 
occurring at rates exceeding the northward motion of Australia. Red arrows indicate rollback 
direction. Trench locations are shown on a present-day topographic and bathymetric map. 
Background image from the Global Multi-Resolution Topography data portal (Ryan et al., 
2009).
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relative to the subducting plate can be revealed. Our reconstructions of 
Northern Melanesia are presented within the Pacific Absolute Reference 
Frame of Wessel and Kroeke (2008), and accordingly constrain subduction 
zone migration relative to the lower mantle. 
The Northern Melanesian region of the SW Pacific is characterised by slab 
rollback (Figure 16). This is not unexpected, as the Australia-Pacific Plate 
convergence orientation requires the subduction trench to migrate as the 
overriding plate (the Pacific Plate in this instance) advances.
In the southern Solomon Islands region, the San Cristobal Trench appears to 
advance slightly (~50 km) between 6-3.5 Ma (Figure 16). We assume that this 
is a result of some Australia-Pacific Plate convergence being accommodated 
by crustal shortening within the Solomon Islands and formation of the 
Malaita Anticlinorium. With the cessation of crustal deformation, the entire 
Australia-Pacific Plate convergence is sustained by the New Britain-San 
Cristobal Trench from 3.5 Ma to Present, and hence the rapid rollback rates 
visualised for this time period.
Interestingly, the upper sections of the subducted Solomon Sea Plate exhibit 
a dip of ~45°, while steepening to 70° at depth (e.g., Cooper and Taylor, 
1986). This observation of deep and steeply-dipping slab, transitioning into 
a gently-dipping upper portion might plausibly be explained by the rapid 
3.5-0 Ma southward migration of the NBT (Figure 16). The rapid rollback 
evident from 3.5 Ma is a result arc-continent collision between the Finisterre 
terrane and New Guinea (Figure 8). This pivoting and rotating of the upper 
plate out and over the subducting slab could explain the variably-dipping 
nature of the slab.
Subduction of Pacific lithosphere at the North Solomon Trench involved rapid 
rollback rates for the time period 10 to 6 Ma (Figure 17). Since subduction 
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cessation at 6 Ma, the formerly subducting plate has overridden the now 
subducted lithosphere. In this region a very large flat tomographic anomaly 
is present between depths of 500 and 700 km (Hall and Spakman, 2002). 
Hall and Spakman (2002) propose that this large anomaly is the result of 
SW-directed subduction at the North Solomon Trench from 45 Ma until the 
closure of the subduction system. Interestingly, the size of this tomographic 
anomaly supports tectonic models with the most rollback, and/or Solomons 
Arc polarity reversal having occurred in recent times, as modelled within 
this study.
Figure 17. Migration of the North Solomon Trench, 10-6 Ma. 
Derived from the Northern Melanesia reconstruction, within the WK08-G Pacific ARF of 
Wessel and Kroeke, (2008). By 6 Ma the subduction of Pacific Plate-Ontong Java Plateau litho-
sphere had ceased, with only minor relative motion occurring between the Pacific Plate and 
Solomon Islands. As seen in the migration of the New Britain-San Cristobal Trenches, the Sol-
omons Trench was rolling-back, consistent with that predicted by present-day plate motions. 
Red arrows indicate rollback direction. Background image from the Global Multi-Resolution 
Topography data portal (Ryan et al., 2009). Description same as Figure 16. 
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CONCLUSIONS
We draw the following conclusions from this study. i). Northern Melanesia 
represents a region that has undergone an evolution characterised by 
dynamic tectonic processes active over geologically-short timescales. We 
have documented some of this complexity by utilising a method that differs 
from the traditional tectonic reconstruction approach. ii). This has allowed 
us to infer that the OJP was subducted beneath the Solomon Islands before 
the system became blocked at approximately 6 Ma. This event transferred the 
Solomons Arc onto the Pacific Plate, and initiated N-W-directed subduction of 
the Solomon Sea Plate. We detail the movements of the Choiseul arc segment 
to the N-W, as a result of subduction of Woodlark Basin lithosphere. iii). The 
Manus-New Ireland-New Britain arc terranes were probably a coherent chain 
that has now been extended, however this requires further analysis. iv). The 
subduction zone hinges in Northern Melanesia have rolled-back up to 80-100 
km per Ma. The Northern Melanesian region is characterised by diverse 
geodynamic processes operating within a zone dominated by Australia and 
Pacific Plate convergence. Understanding how these processes relate could 
provide important details regarding the evolution of older collisional settings.
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Appendix 2A
Reconstruction data
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Plate rotation database
We provide the plate motions utilised within, and developed from, this 
study. We believe this is important to allow the accurate incorporation of 
our tectonic model into future studies. It also provides an avenue for other 
workers to easily examine and review our research. The rotation angle are 
presented as total rotations from that time-point to 0 Ma. Data is listed 
for the Pacific ARF (Wessel and Kroenke, 2008) and Indo-Atlantic ARF 
(O’Niell et al., 2005) reconstructions. References are provided at the end of 
Appendix 2A.
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Rotations for the Indo-Atlantic Absolute Motion Reference Frame model.
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Appendix 2B
Crustal shortening and Eigenvectors
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8Ma
10Ma
Reconstruction of Northern Melanesia relative to Australia at 10 Ma (top), and 8 Ma (bottom). 
Map centred on New Guinea. White solid is continental outline, grey is continental crust.
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4Ma
6Ma
Reconstruction of Northern Melanesia relative to Australia at 6 Ma (top), and 4 Ma (bottom). 
Red eigenvectors correspond to shortening direction, with blue representing the direction of 
extension.
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0Ma
2Ma
Reconstruction of Northern Melanesia relative to Australia at 2 Ma (top), and the present-
day setting (bottom).
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8Ma
10Ma
Ontong Java Plateau
Ontong Java Plateau
Solomon Islands
Solomon Islands
Northern Melanesian reconstruction relative to Santa Isabel and Malaita, at 10 Ma (top), 
and 8 Ma (bottom).
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4Ma
6Ma
Ontong Java Plateau
Ontong Java Plateau
Solomon Islands
Solomon Islands
Northern Melanesian reconstruction relative to Santa Isabel and Malaita, at 6 Ma (top), and 
4 Ma (bottom).
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0Ma
2Ma
Ontong Java Plateau
Ontong Java Plateau
Solomon Islands
Solomon Islands
Northern Melanesian reconstruction relative to Santa Isabel and Malaita, at 2 Ma (top), and 
the present-day setting (bottom).
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Appendix 2C
Reference frame comparison
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Comparison of Absolute Reference Frames
The reconstruction of Northern Melanesia presented as part this study was 
developed within the WK08-G Pacific Absolute Reference Frame (ARF) of 
Wessel and Kroeke, (2008). We also placed our reconstruction into the Indo-
Atlantic ARF of O’Neill et al. (2005) for comparative purposes.
We find the difference between the location of Australia at 10 Ma within 
the Pacific and Indo-Atlantic models to be ~100 km. Specifically, using the 
Pacific ARF places Australia ~100 km further south than the Indo-Atlantic 
ARF does for 10 Ma. The results are the same for the location of the Pacific 
Plate, where at 10 Ma the Pacific ARF places the OJP 100 km further south 
to the location when the Indo-Atlantic ARF is used. Similar observations 
are seen with the inferred location of subduction zones.
Ultimately these differences are relative only i.e., there appears to be minimal 
difference in the relative location of Australia and the Pacific Plate when 
either the Pacific or Indo-Atlantic ARF is used. The only effect would be on 
the location of specific plates with respect to the mantle. 
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<6Ma
Tectonic reconstruction, Indo-Atlantic plate circuit.
Below is the plate circuit for our reconstruction using the Indo-Atlantic ARF 
of O’Neill et al. (2005).
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10Ma
8Ma
Comparison of the location of the Australian and Pacific Plates at 10 Ma (top) and 8 Ma (bottom), 
within two different reference frames. The Australian Plate is represented by the outline of the 
Australian continent and New Guinea, while the outline of the 4000m bathymetric contour 
demonstrates the location of the Pacific Plate. Orange and pink colours represent Australia-
New Guinea and the OJP, respectively, within the Indo-Atlantic ARF. The underlying colours 
illustrate Australia-New Guinea and the OJP within the Pacific ARF.
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6Ma
4Ma
Comparison of the location of the Australian and Pacific Plates at 6 Ma (top) and 4 Ma 
(bottom), within two different reference frames.
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2Ma
0Ma
Comparison of the location of the Australian and Pacific Plates at 2 Ma (top). Present-day 
location (bottom) is shown for comparative purposes.
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170
-12
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0
150 165160155145
170
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-8
-4
0
150 165160155145
Comparison of the location of the New Britain-San Cristobal Trenches at 6 Ma (top), and the 
North Solomons Trench at 10 Ma (bottom), derived from our tectonic reconstruction. Red-
coloured subduction zones illustrate the location of the Trenches in the Pacific ARF, while blue 
highlights those in the Indo-Atlantic ARF. Trench locations are shown on a present-day 
topographic and bathymetric map. Background image from the Global Multi-
Resolution Topography data portal (Ryan et al., 2009).

Geometricians founded the science of Geography, on 
which is based that of Geology.
 William Smith, unpublished (1769–1839)
Chapter 3
CONCAVE TRENCH SUBDUCTION, 
LARGE-SCALE SLAB TEARING, 
AND A GIANT GOLD DEPOSIT
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Foreword
This chapter discusses the evolution of a highly arcuate subduction system. 
The ideas presented here benefited from countless discussions with Gordon 
Lister on the premise of ‘3D geometry has 4D implications’. Tomas O’Kane 
and Gordon Lister developed the slab model, slab reverse engineering and the 
tectonic reconstruction. Gordon Lister developed the Orpheus component of 
the Pplates code. Wim Spakman is responsible for the seismic tomography. 
We have submitted a re-formatted version of this manuscript for publica-
tion, as:
Concave trench subduction, large-scale slab tearing, 
and a giant gold deposit
O’Kane, T. P., Lister, G. S. and Spakman, W.
We thank Richard Arculus for helpful discussions regarding the geochemistry 
of the Tabar-Lihir-Tanga-Feni volcanic chain. Research support was provided 
by The Australian Research Council Discovery Grant DP0877274 “Tectonic 
mode switches and the nature of orogenesis” and by the 4D porphyry consor-
tium (AngloGold Ashanti Australia Ltd, Marengo Mining Ltd, Newmont 
Asia-Pacific Ltd, Teck Australia Pty Ltd and VALE Exploration Pty Ltd).
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CHAPTER SUMMARY 
Subduction along a linear, stationary trench is a rare occurrence 
in nature. The majority of subduction zones are curved and their 
geometry must therefore dynamically evolve (e.g., Spakman and 
Hall, 2010; Schellart et al., 2009; Levin et al., 2005). Slab tearing 
accommodates the strongest of these geometrical changes (e.g., 
Spakman and Wortel, 2004; Lister et al., 2012). Here we focus 
on subduction of the Solomon Sea Plate in the southwest Pacific, 
an unusual tectonic setting whereby a strongly arcuate trench 
concavely borders the overriding plate. We show that the 4D (i.e. 
3D + time) geometry of the subducted slab can be described in 
terms of ailerons – tabular segments suspended from the over-
lying lithosphere, with each segment potentially bounded by a 
vertical slab tear. We show that such segmentation could result 
from slab tears, formed during rollback of this strongly curved 
subduction zone. However, this geometry requires the isolation 
(and eventual drop-off) of a large slab segment. Therefore we 
examined the UU-P07 tomographic dataset (Amaru, 2007; van 
der Meer et al., 2010), and discovered a possible dropped-off 
slab segment, located in the upper mantle between 400 and 660 
km. This is interesting because fluids and magmas emanating 
from the detached slab segment could be the source for the 
formation of the major Ladolam epithermal gold deposit, on 
Lihir Island.
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INTRODUCTION
Curved subduction zones require the descending slab to distort and/or tear to 
accommodate effects related to the time evolution of their three-dimensional 
(3D) geometry (e.g., Spakman and Wortel, 2004; Lister et al., 2012). The 
geometric evolution of a convex arc (curved toward the direction of slab 
dip) is usually understood in terms of some form of subduction rollback 
(Schellart et al., 2006). Concave arcs, however, require a quite different 4D 
evolution. Here we discuss this in the context of the southwest Pacific where 
an oceanic micro-plate, the Solomon Sea Plate, is currently subducting at 
the New Britain Trench (NBT) (Figure 1). Along strike this trench abruptly 
changes its orientation by ~70°, leading to an unusually concave boundary. 
Figure 1. Tectonic map of the Papua New Guinea and Solomon Islands region. 
Topography and bathymetry map (from the Global Multi-Resolution Topography data portal 
of Ryan et al. 2009). AT, Adelbert Terrane; BSC, Bismarck Spreading Center; FT, Finisterre 
Terrane; NBT, New Britain Trench; SBP, South Bismarck Plate; SF, Sapom Fault; SSP, Solomon 
Sea Plate; WF, Weitin Fault; WSC, Woodlark Spreading Center. Cross-section A-B is shown in 
Figure 6. Yellow star symbol represents the location of the Ladolam gold deposit, Lihir Island. 
Dashed yellow line represents the extent of the New Ireland Basin.
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Plate tectonic reconstructions and palaeomagnetism suggest that such trench 
curvature has been a persistent feature of the subduction system (e.g., Falvey 
and Pritchard, 1982; Hall, 2002). Here we show that the curvature of the 
NBT required the subducting slab to have continuously torn as it descended. 
This required a laterally propagating sideways tear that produced a geometry 
characterized by an unsupported (detached from the portion of the plate 
still at the surface), but still subducting segment. In turn, this unsupported 
segment might reasonably be expected to tear free, and to sink deeper into 
the mantle as an isolated dropped-off segment.
DATA AND METHODOLOGY
In order to quantitatively test the above hypothesis we employ the use various 
methods and software. The stages involved in analysing the 4D evolution of 
the Solomon Sea slab are as follows: (i) development of a 3D mesh model 
of the subducting slab; (ii) “reflotation” of the 3D slab back to the Earth’s 
surface; (iii) scrutiny of the strain distribution exhibited by the refloated 
slab model to ascertain the various ways it may have achieved its present-
day 3D geometry; (iv) testing of theories for 3D slab evolution via tectonic 
reconstruction. The approach employed throughout this process is outlined 
below.
3D slab morphology
To constrain slab morphology we built a 3D wireframe mesh model, constrained 
by assuming that seismic activity takes place within the subducting slab, or 
at the interface with the surrounding asthenosphere. To achieve this we 
utilized the EHB hypocentre catalogue (Engdahl et al., 1998). The EHB 
hypocentre catalogue underwent a relocation process that resulted in a 
reduction in hypocentre location error, primarily attributed to an increase 
in the resolution of depth determination. The high spatial resolution of the 
EHB hypocentre catalogue – particularly when compared to equivalent 
datasets such as those provided by the International Seismological Centre 
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(ISC) and the National Earthquake Information Center (NEIC) – directly 
translates to the accuracy of our final 3D Wadati-Benioff Zone, model and 
subsequent interpretations. The EHB hypocentre catalogue was used to 
create the 3D slab model following methods standardly applied within the 
GOCAD® software, building a wireframe that approximates the upper 
surface of the subducting slab (see Figures 2 and 3).
Figure 2. Interpretation of the upper surface of a Wadati-Benioff Zone.
Represented by the solid black line. Inverted triangle marks the location of the topographic 
axis of the New Britain Trench. Topographic profile from Becker et al. (2009). Section width 
is 50 km. Endpoints (A) and (B) correspond to (A) and (B) in Figure 3. 
Figure 3. Thee-dimensional 
view of a mesh created within 
Gocad.
This mesh (grey, transparent 
surface) conforms to the 
inferred position of the top of 
the Wadati-Benioff Zone, as 
seen within Figure 2. Solid black 
line with inverted triangles 
illustrate topographic axis of the 
New Britain Trench. Endpoints 
(A) and (B) correspond to (A) 
and (B) in Figure 2.
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Reverse engineering slab geometry
From this 3D slab model we “reverse engineer” the 3D geometry back to 
what it must have been when still at the surface. This process involves the use 
of the Orpheus refloating routine in the Pplates program (Lister et al., 2012). 
The Orpheus routines and the reverse engineering they allow, underpin our 
investigation into the 4D evolution of the Solomon Sea Plate.
The automation of the Orpheus routines involves the utilization of a 2D 
triangulated mesh connected using a Delaunay algorithm. Nodes are elastically 
connected and correspond to a mesh surface represented in 3D (Smith et 
al., 2007). Elastic springs connect these nodes to the mesh centroid (see 
Figure 10, Lister et al., 2012). These springs allow the ‘force’ at each node to 
be computed, while movement is the result of viscous dampening. At depth, 
additional force is applied to each node in a direction recursively defined 
by the average of the surrounding mesh face normals. The direction of the 
force ensures the slab float is upwards, towards the Earth’s surface. The force 
exerted on individual mesh nodes is reduced as the node approaches the 
Earth’s surface. Nodes located at the surface in the present-day remain at 
the surface throughout this routine.
At the same time the mesh distorts in plane in an attempt to remove any strain 
that has accumulated during the ascent of the slab. This stage involves the 
summation of the spring forces of each node, followed by viscous drag induced 
strain reduction. Strain is iteratively redistributed throughout the entire 
mesh, minimizing regions of localized accumulation. This staged operation 
is continued until the spring forces of each node have reached a negligible 
value, or at least arrived at a strain state where further redistribution is not 
possible. For further details regarding this process see Lister et al. (2012). 
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Earlier versions of this manuscript have been through the peer-review process, 
from whence we have received various feedback. One particular reviewer 
rejected our methodology, writing that: “The re-engineered slab geometry at 
the surface . . . on which the argument of the entire paper rests, is completely 
fictional as far as I am concerned”. We can only assume that we failed to 
describe our quantitative methods in sufficient detail. In order to avoid a 
similar outcome here we detail the logic behind the Orpheus refloating routine, 
revising some of the information already documented in Lister et al. (2012).
The object of the reverse engineering procedure is to obtain a ‘refloated’ 
slab, positioned at the surface of the Earth. If the refloated slab is free from 
distortion it might be assumed that the interpreted 3D slab geometry is 
admissible. If it is not possible to refloat a slab to an undistorted state, it 
follows that stretching and/or tearing must have taken place in lithosphere 
during subduction. 
It is important to note that while oceanic lithosphere is a relatively strong 
material, relative to the underlying mantle, this does not prevent it from 
deforming (cf. Rosenbaum et al., 2008; Obayashi et al., 2009; Biryol et al., 2011). 
Therefore, by introducing defects such as tears into the starting geometry, we 
can examine how such features influence the overall relaxation and strain 
removal (see Lister et al., 2012). Through this process we can gain a better 
insight into its initial starting morphology, and geometrical evolution.
Once the routine has been completed we can assess the resultant strain 
distribution map for information regarding the validity of our initial starting 
3D geometry. We then examined this starting geometry and considered 
various ways that the Solomon Sea slab (Curtis, 1973; Cooper and Taylor, 
1989) might have achieved its present 3D configuration. 
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Tectonic reconstruction
Using the Orpheus routines, we can refloat a 3D slab model and acquire 
an admissible geometry for the plate, prior to its subduction. Such plate 
geometry can be used as a starting configuration in the context of a tectonic 
reconstruction to gain insight as to possible 4D evolution. The reconstruction 
used for this study is derived from that presented in Chapter 2 of this thesis, 
and for coherence a short summary of the data and methods are provided.
The tectonic model for the Solomon Sea region is presented relative to the 
absolute motion of the Pacific Plate. For this we used the WK08-G data of 
Wessel and Kroenke (2008). Plate motion data was derived for Australia-
Antarctica (Cande and Stock, 2004), South Bismarck-North Bismarck (Taylor, 
1979) and Woodlark Basin opening (Weissel et al., 1982). The specific details 
and assumption of the reconstruction are outlined below.
RESULTS
The 3D morphology of the Solomon Sea slab can be constrained by seismic 
activity associated with the subducting slab (Figures 4 and 5a-b). At depth, the 
Solomon Sea slab curves in an arcuate fashion in a way that corresponds to 
the geometry of the NBT at the surface indicating that such trench geometry 
may have been a persistent feature through time. At shallow depths subduction 
occurs at a dip of 40° to 50°, while below ~100 km the slab is sub-vertical 
with the angle of subduction in the range of 75-95° (Figure 4). In the eastern 
section, east of the trench “nose” (at ~153°E, 5.5°S), the slab is overturned 
and is present to a depth of approximately 400-500 km. On the western side 
Figure 4 [overleaf]. Seismicity associated with the Solomon Sea slab.
Solid coloured circles represent events from the Harvard CMT catalogue (red, reverse faults; 
light blue, normal faults; purple, strike-slip faults) with black representing events from the EHB 
catalogue. Inverted solid-black triangle represents subducting trench location. See Figure 1 for 
cross-section endpoints.
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Figure 5. Wireframe model of the Solomon Sea slab. 
(a) Three-dimensional oblique view of a mesh created within GOCAD™. This mesh (blue-cyan 
coloured surface) conforms to the inferred position of the top of the Wadati-Benioff Zone based 
off analysis of the EHB hypocentre catalogue (Engdahl et al., 1998). (b) Top view of Solomon 
Sea slab (blue-cyan coloured surface) with black lines representing 20 km depth intervals.
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Figure 6. Hypocentre cross-section highlighting the aseismic zone in the nose of the 
Solomon Sea slab.
This aseismic zone initiates at ~100 km and widens at depth forming an inverted “V”. This zone is 
inferred to mark the presence of a slab tear and results in the observed ‘aileron geometry’. Cross-
section has been drawn using the eQuakes program, with solid-coloured circles representing 
earthquakes from the Harvard CMT catalogue (red, reverse faults; blue, normal faults; purple, 
strike-slip faults) and the EHB catalogue (black). The approximate dimensions of the subducting 
Solomon Sea slab are shaded grey to allow the locations of the hypocentres to be viewed in 
context. Vertical and horizontal units are in kilometres. Cross-section is drawn within a spherical 
Earth frame, with points A-B corresponding to those within Figure 1.
the slab reaches a maximum depth of 610 km (Pegler et al., 1995; Abers and 
Roecker, 1991). Beneath mainland New Guinea, intermediate-depth seismicity 
is related to a flat-lying fragment of lithosphere (Pegler et al., 1995; Abers 
and Roecker, 1991) that only extends to a maximum depth of 250 km (Pegler 
et al., 1995; Abers and Roecker, 1991). This intermediate depth seismicity 
abruptly ends where the Solomon Sea Plate is actively subducting at the NBT. 
Deep-focus seismicity is present along the trace of the NBT, terminating at 
the adjacent Woodlark Basin. 
It is curious that deep-focus seismicity is not present below depths of ~100 
km in the location of the NBT “nose”. Here a vertical aseismic region is 
observed (Cooper and Taylor, 1989). This aseismic zone forms an inverted 
“V”, the point of which is situated ~90 km below the NBT, with the width 
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increasing with depth (Figure 6). To determine the implications of this 
aseismic region in respect to the evolution of the observed slab geometry 
we refloated our 3D wireframe slab model.
Slab reflotation
The slab reflotation had two objectives: (i) resolve the geometrical significance 
of the segmented nature (if any) exhibited by the Solomon Sea slab; and (ii) 
determine the lateral extent of the presently observed subducted lithosphere. 
To achieve this we analyse two differing hypotheses, whereby in one case 
the Solomon Sea slab is laterally unbroken (continuous slab model), and the 
second scenario where the aseismic zone visualized in Figure 6 represents 
the location of a window/tear (segmented slab model).
For each case we initially tested simulated 3D scale-models of the Solomon 
Sea slab, each with a simplified planar geometry and low node density (50 
km node spacing). Prior to the continuous Solomon Sea slab refloat we test 
a simulated model with a 90° trench bend, and another with a 120° trench 
bend (Figure 7). The two simulated models for the segmented Solomon Sea 
slab are have 90°/120° trench bends and are identical expect the for presence 
of a slab tear located at the cusp of the trench. By using simplified scale-
models of the Solomon Sea slab we are able to undertake proof-of-concept 
experiments to determine the validity of the Orpheus routines within Pplates.
Laterally continuous slab model
Initially, we analysed the geometrical plausibility of a continuous Solomon 
Sea slab. The first experiment was conducted testing the simulated continuous 
90° model (Figure 7). Such geometry cannot be brought to the surface in an 
undistorted manner. It can be seen that stored strain energy accumulates in 
the apex of the mesh (red coloured region of +5% contraction), and cannot 
be removed via viscous relaxation (Figure 7).
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Figure 7[facing page]. Reverse engineering of an unsegmented slab model with a 90° concave 
subduction hinge geometry.
The Pplates application is utilised to undertake the refloating of a simplified mesh model of 
the Solomon Sea slab. As the mesh is brought to the surface strain energy is accumulated 
within the springs associated with the mesh faces. Viscous relaxation of stored strain energy 
allows mesh distortion. Distortion accumulates where an exact fit of the refloated slab to the 
Earth’s surface is not possible. Areal distortion of mesh faces is illustrated with zero distortion 
shown in green, solid red depicting greater than 5% contraction, and solid blue representing 
mesh faces extended by more than 5%. In this instance the refloated mesh is shown in plan 
view. The accumulated mesh distortion demonstrates that an unsegmented mesh model with 
a 90° concave subduction hinge geometry with major distortion (e). The implications of such 
geometry are discussed within the text.
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Figure 8 [facing page]. Reverse engineering of an unsegmented slab model with a 120° 
concave subduction hinge geometry. 
As with the outcome exhibited by the unsegmented 90° model, it is clear that such geometry 
cannot be brought to the surface without major distortion. Accordingly this provides inferences 
on how lithosphere behaves upon entering the mantle at a 120° concave hinge, as explained 
within the text.
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Figure 9 [facing page]. Reverse engineering of an unsegmented Solomon Sea slab model.
Here the tear present within the wireframe Solomon Sea slab model (Figure 5) has been removed 
produce an unsegmented slab sheet (a). 
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Figure 9 [facing page]. Reverse engineering of an unsegmented Solomon Sea slab model 
[continued]. 
In accordance with the result observed within the 90° and 120° case studies, we see that an 
unsegmented slab cannot be brought to the surface without major distortion (e). Such distortion 
is suggestive that major deformation and distortion must have accompanied the Solomon Sea 
slab during its descent.
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Figure 10 [facing page]. Reverse engineering of a segmented slab model with a 90° concave 
subduction hinge geometry. 
The case study presented here is a simplified version (a) of our real-life wireframe model (Figure 
5). It is apparent that such 3D geometry can be floated back to the surface in an undistorted 
form (e).
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Figure 11 [facing page]. Reverse engineering of a segmented slab model with a 120° concave 
subduction hinge geometry. 
This case study, which is essentially a simplified version of our wireframe model (Figure 5), can 
be brought to the surface in an undistorted form (e). Segmentation at the apex of the subduction 
hinge allows for sufficient relaxation of the accumulated strain, and therefore provides a possible 
explanation for how the Solomon Sea slab deformed during its descent.
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Figure 12 [facing page]. Reverse engineering of the wireframe Solomon Sea slab model. 
The final reverse engineering experiment reveals that our wireframe model (Figure 5) can be 
brought to the surface in an undistorted form (e). Correlating with previous tests (Figures 10 
and 11) it becomes apparent that the evolution of the Solomon Sea slab requires slab tearing, and 
the eventual detachment of a slab segment. See text for an assessment of this tectonic scenario.
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Figure 12 [facing page]. Reverse engineering of the wireframe Solomon Sea slab model 
[continued].
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Similar results were obtained when we refloated a simulated slab 120° 
continuous model (Figure 8). Again, it is evident that the undistorted 
reflotation of a continuous 120° is not possible. Similar to what is seen with 
the simulated 90° continuous slab refloat, strain accumulates at the corner 
of the trench bend, where “excess” slab material cannot be removed through 
viscous relaxation.
Following our simulated slab tests we refloat the continuous 3D model of the 
Solomon Sea slab (Figure 9). Corresponding to the experiments illustrated 
by Figures 7-8, reflotation of a continuous Solomon Sea slab is not possible 
without major distortion, particularly within the region of the trench “nose” 
(Figure 9f). As the slab is brought to the Earth’s surface viscous relaxation 
attempts to remove excess material by extending the mesh margins, as seen 
by the dark blue regions (Figure 9f). 
Segmented slab model
As a continuous slab model cannot be brought to the surface in an undistorted 
manner, we analyse how a segmented slab behaves. We find that a simulated 
segmented slab with a 90° bend can be brought to the Earth’s surface without 
major distortion (Figure 10). In this experiment the slab window/tear allows 
to the two slab segments to be brought to the surface with no internal 
deformation, in a manner akin to a door swinging on its hinge.
The same results are observed when a simulated segmented slab with a 120° 
bend is refloated (Figure 11). The outcome is a slab positioned at the surface 
of the Earth that has maintained its proportions and relative node locations.
The final slab refloat experiment involves testing the 3D mesh model of the 
Solomon Sea slab that has the aseismic region (Figure 6) interpreted as a 
slab window/tear (Figure 12). Correlating with our simulated segmented 
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slab reflotation, a segmented Solomon Sea slab can be brought to the earth’s 
surface without major distortion (on average <1%). Where a continuous 
Solomon Sea slab has excess slab material that cannot be removed, a segmented 
version allows to the slab to be brought to the surface as two discrete sections.
However these two discrete slab sections diverge, creating a large intervening 
zone formerly the site of the slab window. That is to say, the slab window 
encompasses a greater extent at the Earth’s surface when compared to its 
presently observed extent at depth. The implications of this slab geometry 
are discussed in the following section.
4D SLAB EVOLUTION
In order to determine the temporal evolution of the Solomon Sea Plate 
subduction zone we must consider the implications of the segmented nature 
of the slab morphology, and in particular the differing depths and trench 
parallel extents of the segments as inferred from the pattern of seismicity, 
tomography, and slab reflotation. Moreover, since our reverse engineering 
experiment shows that it is not geometrically possible to refloat a continuous 
3D mesh model of the Solomon Sea slab back to the surface of the Earth 
(Figure 12), we must consider the implications of a geometry with a missing 
slab segment. Additionally, we note that we cannot simply forward model 
the 3D evolution of the present 3D geometry without considering the effect 
of tearing the original, flat-lying plate. We can explain all aspects of present 
geometry, however, if we incorporate tears and segmentation. This leads to 
geometry with slab segments separated from adjacent segments by slab tear 
faults. Since these are morphologically analogous to the “flaps” of aircraft 
wings that control lateral balance, we term this “aileron slab geometry”.
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The geometrical problems involved in forward modelling can be illustrated 
by considering the bending of a piece of paper over the corner of a desk 
(Cooper and Taylor, 1989). Folding and tearing must accompany this process 
(Figure 13). Similarly, tearing is an essential component of the geometric 
problems involved in reverse engineering the initial 3D geometry. We need 
to introduce tears, and allow the slab to be segmented to incorporate a slab 
window. Our experiment suggests that the seismically quiet region in the 
“nose” of the Solomon Sea slab likely marks the zone caused by slab tearing 
(Figure 5 a-b). Once we take account of slab tearing our experiment proves 
that there is a ‘missing’ slab segment (Figure 12).
To solve this geometric riddle we were obliged to postulate different models 
for the geometric evolution of the Solomon Sea Plate that considered 
segmentation, and thence led to investigate the significance of the implied 
missing slab segment. Invariably we were led to focus on models that involve 
the following steps (Figure 14). The first stage involves the initiation of 
subduction along the eastern side of the plate prior to any subduction along 
the western side. This subduction is likely to have initiated with the arrival of 
the Ontong Java Plateau at the Solomon Islands Arc at approximately 6 Ma 
(Petterson et al., 1997). At 3.0-3.7 Ma the Adelbert and Finisterre Terranes 
collided with the New Guinea mainland (Abbott et al., 1994). Prior to this 
Figure 13 [facing page]. “Concave trench-corner of a desk” analogy. 
The pushing, or rather “subduction” of a piece of paper over the corner of a desk (a), provides 
a lucid example of the geometry that should be expected at a concave subduction zone. The 
outcome of concave subduction is the accumulation of “excess” material at the trench apex (b-
d). This material may acquire one of two geometrical outcomes; (i) the dip angle near the apex 
of the trench will be significantly less than that of material to the side, or (ii) the subducted 
material tears and segments causing detachment (e). We do not see a major change in the dip 
angle of the subducted Solomon Sea Plate, but rather two steeply-dipping segments separated 
by a slab window, as illustrated by (f).
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Figure 14. Tectonic reconstruction of the Papua New Guinea and Solomon Islands region. 
The model is relative to a stationary Australia, from 6 Ma to the present-day. Present-day 
landmass is illustrated by solid-green, with continental or arc crust represented by solid-grey. 
Spreading is depicted by thin black lines with outward pointing arrows, strike-slip faulting by 
black open-arrows, subduction by black-barbed lines, boundary of the Solomon Sea Plate by 
black dashed-line, while trench rollback is highlighted by solid red arrows. See text for details.
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Figure 14. Tectonic reconstruction of the Papua New Guinea and Solomon Islands region 
[continued].
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time, movement of the Adelbert and Finisterre Terranes and New Britain 
was accommodated along a left-lateral strike-slip fault located at the N-W 
margin of the Solomon Sea Plate (e.g., Hall, 2002).
As these terranes became pinned to the New Guinea mainland the South 
Bismarck Plate began to pivot and rotate clockwise (Weiler and Coe, 2000), 
which also resulted in the formation of the Bismarck spreading system. This 
rotation of the South Bismarck Plate was accommodated by the onset of 
rapid subduction and trench rollback along the N-W side of the Solomon 
Sea Plate (Figure 14). N-W subduction was initiated along the preexisting 
strike-slip fault that separated the Solomon Sea and South Bismarck Plates. 
This rapid subduction of the N-W side of the plate led to tearing at the cusp 
of the two slab sections, until eventually a section of the slab became unstable 
and detachment occurred (Figures 15 and 16). Finally, the present-day 
geometry was achieved with the slab sections still attached to the surface 
being separated by a narrow aseismic zone representing the region formerly 
occupied by the now detached segment. 
Figure 15 [facing page]. Schematic depicting the four-dimensional evolution of the Solomon 
Sea slab. 
(i) represents the initial configuration (at ~6 Ma) continuing through to the present-day geometry, 
(vi). The conceptual model is illustrated with the observed geometry in (vii), whereby the 3D 
model of the Solomon Sea slab (as presented in Figure 5a) is imaged in conjunction with the 
proposed detached slab segment. Black lines with black triangles represent active subduction, 
while white lines with white triangles represent the location of the subduction zone in the next 
stage. Red arrows are used to emphasise subduction zone rollback. Islands are coloured red. 
Yellow star symbol represents the location of the Ladolam gold deposit, Lihir Island.
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Figure 16. Plan-view schematic depicting the four-dimensional evolution of the
Solomon Sea slab. 
(i) represents the initial configuration (at ~6 Ma) continuing through to the Present-day geometry, 
(vi). Black lines with black triangles represent active subduction, while white lines with white 
triangles represent the location of the subduction zone in the next stage. Red arrows are used 
to emphasise subduction zone rollback.
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This reconstruction of slab morphology evolution predicts a large segment 
of detached lithosphere that must have foundered and sank. We predict 
that this must be located to the north of the subduction zone (Figure 16). 
We therefore searched available tomographic datasets and identified an 
anomaly in tomographic images from 400 km to 660 km depth (Figure 17). 
The position of this anomaly is consistent with our predicted location for 
the detached slab segment.
Figure 17. Tomographic images of the Solomon Sea slab. 
Horizontal and vertical slices through the tomography model UU-P07 [Amaru, 2007; van der 
Meer et al., 2010]. Colours: P-wave anomalies with reference to velocity model ak135. Dots: 
earthquake hypocentres within 12 km of the section. d, dashed lines are phase changes at 
~410 km and ~660 km. d, is plotted without vertical exaggeration with the horizontal axis in 
degrees. The labelled positive anomalies are the Solomon Sea slab currently subducting at the 
New Britain Trench (NBTS) and the detached slab segment (DSS) located to the north.
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DISCUSSION
Slab tearing and mineralization
Slab tearing and detachment and associated mantle flow (Zandt and 
Humphreys, 2008) has elsewhere been linked with strong temporal variations 
in surface topography (Duretz et al., 2011; Wortel and Spakman, 2000), 
magmatic systems resulting from transient 3D stress change (Wortel and 
Spakman, 2000; Ferrari, 2004), and rising of metal-rich magmas and fluids 
involving hot asthenosphere (van de Zedde and Wortel, 2001). Much of the 
New Ireland Basin region has undergone significant Late Miocene to Pliocene 
uplift, leaving New Ireland and New Hanover sub-aerial (Exon and Tiffin, 
1982). This uplift is recorded by the presence of raised platform limestone and 
fringing reefs (Johnson et al., 1976; Exon and Tiffin, 1982), while Bouguer 
gravity anomalies of +60 and +180 mGal are also suggestive of isostatic 
instability (Johnson et al., 1976 and references therein). In addition, seismic 
profiles reveal vertical displacements along fault systems (such as the Weitin 
and Sapom Faults) in the southwestern section of the basin that exceed 750 
metres (Exon and Tiffin, 1982). Interestingly the southwestern region of 
the New Ireland Basin has undergone the greatest uplift. Consequently the 
basin exhibits a tilted structure, dipping to the north, away from the NBT 
(Exon and Tiffin, 1982).
There have been few attempts to explain this pattern of regional uplift, with a 
thermal anomaly present beneath the extensional Manus Basin being the only 
published explanation so far (Johnson et al., 1979). We suggest progressive 
lateral slab tearing (Figure 15iii-iv) and final detachment of a large slab 
segment along a vertical tear (Figure 15v,vi), as outlined above, lowered the 
downward force on the slab at shallower depths, allowing release of stress 
and rebound of the overriding plate (cf. Duretz et al., 2011). This rebound 
caused widespread regional deformation and regional uplift, particularly 
in the southwestern region of the New Ireland Basin. Whilst this may not 
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account for all aspects of surface uplift in the region, it does provide a key 
mechanism for the young uplift and its distribution throughout the New 
Ireland Basin. 
Shallow slab tearing and detachment may also drive crucial changes in stress 
regime (Duretz et al., 2011; Wortel and Spakman, 2000), magmatism and 
metamorphism (Wortel and Spakman, 2000; Ferrari, 2004; van de Zedde 
and Wortel, 2001) providing a novel tectonic explanation for ore formation 
in the study region. To the north of the NBT lies the Tabar-Lihir-Tanga-Feni 
volcanic chain, located in the New Ireland Basin, a highly prospective region 
for gold mineralization. Interestingly, the gold mineralization in this zone 
took place above the tearing zone and adjacent to the sinking slab segment 
that we identify in this paper. Ladolam, the world’s largest low sulfidation 
epithermal gold deposit, is located on Lihir Island. The seafloor surrounding 
Lihir Island is also mineralized. Samples taken from a conical seamount to 
the south of the island contains the highest concentration of gold reported 
from the modern seafloor (max 230 ppm Au; average 26 ppm Au) (Petersen 
et al., 2002). The proximity of this seamount to the giant Ladolam deposit is 
suggestive that both mineralization centres are related to the same district-
scale magmatic events (Petersen et al., 2002). 
It has been proposed that the Tabar-Lihir-Tanga-Feni magmas formed as a 
result of partial melting by adiabatic decompression whereby local extension, 
activated by a change in the stress regime, created pull-apart structures 
that penetrated an enriched mantle region (McInnes et al., 1994). However, 
whereas this model explains the upper crustal processes, it does not explain 
the source of the metallogenic fertility.
The mantle beneath the Tabar-Lihir-Tanga-Feni region is enriched in volatiles. 
This is particularly the case beneath Lihir Island, where peridotite xenoliths 
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obtained from the mantle underlying Ladolam are 2 to 800 times more enriched 
in metals such as copper and gold than the surrounding depleted mantle 
(McInnes et al., 1999). Ladolam gold ore has osmium isotope compositions 
similar to those of the underlying mantle, suggesting that the primary source 
of the metals was the mantle (McInnes et al., 1999). This mantle region is 
also characterized by “extremely high-K magmas” that are widespread along 
the entire volcanic chain (Patterson et al., 1997). Our model conveniently 
explains the source of these magmas. Phlogopite, which is present in oceanic 
lithosphere, remains stable to depths exceeding ~240 km (Enggist et al., 
2012). However, beyond this depth phlogopite breaks down releasing H2O 
and CO2 in K-rich melts (Enggist et al., 2012). The tearing followed by 
detachment of a section of oceanic lithosphere – as predicted and imaged 
in this study – would facilitate the large-scale melting of phologopite and 
release of oxidizing fluids with an inherently high metal carrying capacity. 
The high-K magmas that result from this reaction also contained substantial 
amounts of dissolved ligands such as Cl-, CO32- and SO42- and had a high 
oxygen fugacity (McInnes et al., 1994), attributes that were likely to be a 
factor in the large-scale gold mineralization observed in the region.
CONCLUSIONS
The evolution of a concave arc requires slab rollback in two segments 
separated by a propagating slab tear. This geometry progressively isolates 
an already subducted slab segment that is unsupported and likely to tear and 
founder. In this way we can explain the vertical aseismic zone at the “nose” 
of the concave New Britain Trench. The island arcs located to the north and 
northwest over-rode the now dropped-off slab segment, and were uplifted 
as the drop-off took place. We suggest that the mantle underlying the New 
Ireland Basin was modified by subduction of the Solomon Sea Plate and by 
fluids released from the associated detached slab segment. This led to the 
formation of the volatile-rich and high-K magmas that characterize the 
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Tabar-Lihir-Tanga-Feni volcanic chain. Slab detachment correlates with 
the observed surface features present in the New Ireland Basin, while the 
detached and now sinking slab segment may provide the mantle source 
for the fluids associated with the Ladolam low sulfidation epithermal gold 
deposit and related regional magmatism.
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Appendix 3A
Tomography sensitivity tests
 3–52
CHAPTER 3        SOLOMON SEA SLAB
Sensitivity test results for the mantle of the East Papua New Guinea region.
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Mountains rise and disappear; sea and land repeatedly 
change places. Majestic forces in orderly succession 
perform their work, and development, whose course we 
may follow and whose processes understand, is made 
clear before our eyes.
 James Furman Kemp, Lectures on Science,   
 Philosophy and Art (1908)
Chapter 4
MESH-BASED TECTONIC 
RECONSTRUCTION: ANDEAN MARGIN 
EVOLUTION SINCE THE CRETACEOUS
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Foreword
The reconstruction presented here was developed with Prof. Gordon Lister 
and Mr Sam Hart throughout the course of my PhD. Over this time, Prof. 
Lister, Mr Hart and I held regular meetings in which we discussed the best 
methods for realising the deformable reconstruction code for Pplates. Mr 
Hart would compile and incorporate the suggestions from such meetings 
into the Pplates code, I would test the new version using this reconstruction 
as a case study, from where we would again meet and re-evaluate. Through 
this process the deformable reconstruction code for Pplates was developed. 
Within Chapter 4, the rationale behind the development of deformable 
reconstruction software is detailed. The method for calculating and displaying 
deformation within the Pplates code is also explained. This chapter illustrates 
the uses of Pplates for deformable reconstruction on the continental-scale, 
however we envisage that in the future Pplates, in its current form, will be 
used to undertake local-scale reconstructions of individual tectonic units, 
faults, or basins. Such local-scale reconstructions would then be incorporated 
in continental- or global-scale models.
Chapter 4 has been published as:
Mesh-based tectonic reconstruction:
Andean margin evolution since the Cretaceous
O’Kane, T. P. and Lister, G. S.
Journal of the Virtual Explorer
Electronic Edition, ISSN 1441-8142, volume 43, paper 1
In: Johnston, S. and Rosenbaum, G. (Eds.), Special Volume, Oroclines, 2012. 
We are grateful to Christian Vérard for an extensive review and Stephen 
Johnston for insightful observations, all of which helped us improve the 
manuscript. Research support was provided by The Australian Research 
Council Discovery Grant DP0877274 “Tectonic mode switches and the 
nature of orogenesis” and AngloGold Ashanti Australia Ltd.
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CHAPTER SUMMARY
In this contribution we demonstrate an example of what can 
be described as mesh-based tectonic reconstruction. This 
differs from conventional 2D + time reconstructions that 
treat the Earth as an assemblage of rigid plates. Instead a 
deformable mesh is overlaid on the region of interest, in 
this case the Andean margin of western South America, and 
allowed to deform based on constraints and assumptions 
inferred from geochronological and geological data. Here 
we take data that allows estimates of crustal shortening, and 
the timing of terrane accretion, to quantitatively estimate 
the starting geometry, from Early Cretaceous time (i.e. 145 
Ma). Removal of strains straightens the Central and Southern 
Andean margin, and predicts the former existence of marginal 
basins to the east of the present mountain belt. This example 
of deformable mesh-based tectonic reconstruction illustrates 
the power of the method, incorporating such effects as simple 
isostasy, and the calculation of strain trajectories though time.
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INTRODUCTION
Since the advent of the plate tectonic theory, attempts to reconstruct past 
configurations of our planet have traditionally followed the doctrine that the 
Earth’s surface is made of rigid plates. An Euler pole and rotation describe 
movement of such plates. However, the presence of mountain belts illustrates 
that continental lithosphere behaves in a ductile manner. Deformation 
of intervening regions is required when data such as variable shortening 
estimates or differing palaeomagnetic rotations are taken into account by 
considering motion relative to an adjacent stable region such as a cratonic 
zone. This deformation may have taken place in any number of ways, for 
example as the result of relatively uniform horizontal shortening or extension, 
differential motion as required by thrust imbrication, or even movement 
along tears or faults in wrench fault zones. 
These principles led to the creation of the mesh-based Pplates software (Smith 
et al., 2007). In this paper we utilise the deformable mesh capabilities of Pplates 
in reconstructing the Cretaceous to Present evolution of the Andean Margin of 
South America. We have analysed various data and interpretations to compile 
a meshed, deforming model of the entire Andean margin, encompassing 
the terrane accretion in the Northern Andes, the evolution of the Bolivian 
Orocline in the Central Andes, and the formation of the Patagonian Orocline 
in the Southern Andes. Our model highlights the dynamic history of the 
region, illustrating contractional and extensional tectonic processes, in 
addition to the bending of an initially straight orogen.
TECTONIC SETTING
The western rim of the South American Plate has been the locale of terrane 
accretions, collisions, and various subduction dynamics. Subduction first 
occurred following the breakup of Rodinia in the Late Proterozoic, and since 
then there have been numerous phases of rifting and subduction re-activation 
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Figure 1. Tectonic map of the Andean margin of South America. 
Northern Andean terranes compiled from Ramos (2009) and (Kennan and Pindell, 2009). 
Central Andean terranes modified from Ramos (2009). The Gastre Fault System separates 
Patagonia and Southern Patagonia from mainland South America, and is based off Rapela and 
Pankhurst (1992). Cratonic regions are modified from Fuck et al. (2008), and are named as 
follows: (1) Amazonian Craton, (2) Inferred extent of Amazonian Craton, (3) Sao Luis Craton, 
(4) Borborema Province, (5) Parnaiba Block, (6) Sao Francisco Craton, (7) Paranapanema Block, 
(8) Rio de la Plata Craton, (9) Pampia Terrane. Stippled region represents present-day South 
America, cross-hatched region represents continental shelf, while the red-yellow striped zone 
symbolizes the area of the Cordillera Darwin Complex and Rocas Verdes Basin basalts. For 
the Inferred extent of Amazonian Craton, (2), and Pampia Terrane, (9), we follow Fuck et al. 
(2008) in that they are high grade metamorphic rocks of an “uncertain” tectonic setting, and 
formed approximately between 1300–1100 Ma.
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Antofalla
Arequipa
Chibcha
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Choco
Cuyania
Dagua-Pinon
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Oaxaquia
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(e.g. Ramos, 2009). Intraplate magmatism and extension was focused along 
the sutures between the accreted terranes and the cratonic zones of central 
South America during the Triassic, while subduction initiated along the 
Andean margin in the Early Jurassic, coeval with the breakup of Gondwana 
(Ramos, 2009). Development of the modern Andes commenced during 
the Cretaceous, under a convergent setting not dissimilar to the Laramide 
orogeny of North America (refer to Jordon and Allmendinger, 1986).
Northern Andes 
The Northern Andes are located on the plate boundary between the Nazca 
and Caribbean Plates, and the northwestern basement of South America. 
Adjoining this basement is the Western Cordillera terranes, comprising 
dextrally sheared (e.g. Kennan and Pindell, 2009) slices of oceanic plateau 
and island arc volcanics (e.g. Kerr et al., 2003), and related sedimentary units. 
For this reconstruction we have followed Ramos (2009) and incorporated 
the Choco, Dagua-Pinon, Amaime, Tahami, and Chibcha terranes (Figure 1). 
The relationships of these Western Cordillera terranes suggest a Caribbean 
origin (Kennan and Pindell, 2009). 
Central Andes and the Bolivian Orocline
The Central Andes is predominately comprised of deformed Paleozoic 
accreted terranes, situated along the western margin of the Amazonian 
Craton and the Grenville-aged Pampian terrane (Figure 1). Deformation in 
this region has been the consequence of orogen-normal shortening (Isacks 
1988; Allmendinger et al., 1997; Kley and Monaldi 1998), and resulted in the 
formation of an extraordinary geological feature – the Bolivian Orocline (e.g. 
Isacks, 1988). This is the archetypal example of orocline formation, whereby 
an initially linear orogen is deformed into a more curved geometry in plan 
view as the result of tectonic processes (Carey, 1955), such as stagnation, 
indentation, and trench advance at the centre of the orogen, and slab rollback 
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to its north and south (Schellart, 2008). The oroclinal curvature is also 
expressed by the pattern of block rotations as revealed by palaeomagnetic 
data, with counterclockwise rotations in southern Peru clockwise in northern 
Chile (e.g. Beck, 2004). For this region we have segregated the tectonic 
boundaries for the reconstruction based on Ramos (2009).
Southern Andes and the Patagonian Orocline
The southern extremity of the Andean system forms a dramatic change in the 
structural trend by an angle of approximately 90°, known as the Patagonian 
Orocline (Carey, 1955) (Figure 1). Palaeomagnetic studies of the region appear 
to confirm the orogen has been rotated with respect to stable South America 
(Burns et al., 1980; Cunningham et al., 1991; Beck et al., 2000; Rapalini et 
al., 2001; Iglesia Llanos et al., 2003). In addition to the orocline, a belt of 
basic rocks in the back arc region (Dalziel et al., 1974), and a Mesozoic high-
grade metamorphic core (Dalziel, 1981; Dalziel and Brown, 1989; Kohn et 
al., 1995), also distinguish the region. 
DATA AND METHOD
To accurately model and simulate different deformation scenarios, 
reconstruction software has to be able accommodate such tectonic scenarios, 
and in a way that allows quantitative paramterisation. Thus the Pplates 
software (Smith et al., 2007) was designed to allow structural geology and 
tectonics research concerned with the effects of heterogeneous deformation 
and faulting, from regional through to planetary scales. As described within 
Smith et al. (2007), the Pplates software does this by allowing the use of 
deformable and tearable meshes (irregularly tessellated polyhedrons) involving 
triangular mesh faces. Nodes are connected using a Delaunay algorithm and 
correspond to a mesh surface represented in three dimensions to conform 
to the surface of the Earth (Smith et al., 2007). 
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Motion data can be imposed on individual nodes while the node-connecting 
springs can be kept rigid or be used to distribute stress and strain among 
the mesh faces. If a point of latitude and longitude within the interior of a 
mesh face is moved, the equivalent Cartesian coordinates are calculated and 
expressed as a vector (Smith et al., 2007). The addition of this vector and the 
rotation matrix gives a new vector of Cartesian coordinates that are used 
to provide the new latitude, longitude, and altitude of the moved point. A 
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Figure 2. Variations and timing of along strike shortening in the Central and Southern Andes. 
Data for the Southern Andes and Patagonian Orocline (between latitudes 58°S and 48°S) 
derived from Kraemer (2003). Data for the Central Andes and Bolivian Orocline (between 
latitudes 30°S and 10°S) is modified from Kley and Monaldi (1998), McQuarrie, (2002), and 
Arriagada et al. (2008). The total shortening for the Patagonian Orocline includes data from 
the Early Cretaceous to Present (data for the periods Early Cretaceous–90 Ma, 90–66 Ma, 
66–23 Ma and 23–present), while the total shortening for the Bolivian Orocline is from 45 
Ma to Present (periods 45–15 Ma and 15–0 Ma). Shortening data for the Patagonian Orocline, 
derived from balanced cross sections (Kraemer, 2003), illustrates the high along-strike total 
shortening gradient that evolved as a consequence of the hinged-point, with greatest shortening 
occurring at the southern extremity of the arc. The majority of shortening occurred during the 
mid-Cretaceous. The results from Arriagada et al. (2008) illustrate a large degree of shortening 
between 15 and 45 Ma. Note: the shortening curves are cumulative.
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transformation matrix, calculated using the three initial and final Cartesian 
vectors, provides the movement and deformation of the individual mesh 
face. The transform matrix replaces the Euler rotation matrix whenever 
points associated to a deforming mesh face are moved (Smith et al., 2007). 
Deformation on any mesh face can thus be applied to any data carried by 
the mesh, for instance in this reconstruction of the Andean Margin the 
meshes carry the NOAA ETOPO2 data in order to allow variations in crustal 
thickness implied by mesh deformation to be monitored.
To constrain mesh deformation we predominately utilised geological data 
provided by balanced cross sections (Figure 2). Such shortening data, and 
associated geological data present in the referenced sources, provide one 
constraint as to the timing and degree of deformation occurring during the 
formation of the Patagonian and Bolivian Oroclines. A lack of published data 
exists regarding the specific amount and location of deformation associated 
with the formation of the Peruvian Orocline, and hence its evolution is not 
considered in this reconstruction. Data for constraining the deformation 
associated with the Patagonian Orocline was provided by the work of Kraemer 
(2003), while for the Bolivian Orocline shortening estimates from Kley and 
Monaldi (1998), McQuarrie (2002), and Arriagada et al. (2008), were used. 
Numerous studies of geochronological, geological and geophysical data 
were used to define the boundaries and timing of accretion of the numerous 
terranes modelled in the reconstruction. There are numerous alternative 
and contradictory hypotheses regarding the timing of terrane accretion, 
and causes for orocline formation. Concerning the Bolivian Orocline, we 
are incorporating the hypothesis that orocline evolution is attributable 
to differential shortening and block rotations (e.g. Arriagada et al., 2008). 
Fundamentally, the model presented here is the compilation of numerous 
palaeogeographic models and various geochronological, geological and 
geophysical data, from where we demonstrate the implications of this 
combined model.
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TECTONIC MODEL
145 to 130 Ma (Figures 3-4)
As a consequence of restoring the Bolivian and Patagonian Oroclines the 
Central and Southern sections of the Andes form a sublinear trend at the 
start of the Early Cretaceous. Extensional forces associated with Gondwanan 
break-up results in the development of the Rocas Verdes Basin of Southern 
Patagonia. The Rocas Verdes Basin reaches its full extent during the Early 
Cretaceous (Kraemer, 2003). The western margin of the Rocas Verdes Basin is 
composed of magmatic arc fragments, while the eastern margin is composed 
of units including the Cordillera Darwin Complex (e.g. Kraemer, 2003). 
Continued break-up of Gondwana also results in westwards displacement 
of Patagonia relative to South America, along the right-lateral Gastre Fault 
System (Rapela and Pankhurst, 1992). 
130 to 90 Ma (Figures 4-6)
Patagonia reaches its present-day position as major displacement along 
the Gastre Fault System ceases (Konig and Jokat, 2006). Rotation of the 
Southern Patagonian magmatic arc initiates, with a hinged-point, located 
at approximately 50°S, resulting in the majority of rotation occurring at 
the southern extremity of the arc. Rifting continues between Africa and 
South America and results in changes in convergence rates, and intensifies 
contraction in southern Patagonia (Diraison et al., 2000). A contractional 
event occurring in the mid-Cretaceous causes orogenic shortening that 
reaches a maximum of 430 km during this time period (Kraemer, 2003). 
This contraction is related to an 87–90 and 100–110 Ma deformational 
event, as described within Halpern and Rex (1972). Orogenic shortening is 
accommodated by folding and thrusting of the Cordillera Darwin Complex, 
Figure 3 [facing page]. Geodynamical reconstructions 145 Ma. 
Refer to text for details. Colours are the same as in Figure 1. Isochron data for Figures 4-12 
from Müller et al. (2008).
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145Ma
Gastre Fault System
Rocas Verdes Basin
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Figure 4 [facing page]. Geodynamical reconstructions 130 Ma.
(continued)
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130Ma
Magmatic Arc
Maximum rotation
Cordillera Darwin Complex
Amaime Accretion
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Figure 5 [facing page]. Geodynamical reconstructions 115 Ma.
(continued)
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115Ma
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Figure 6 [facing page]. Geodynamical reconstructions 90 Ma.
(continued)
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90Ma
Continued orogenic shortening 
and arc rotation
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Figure 7 [facing page]. Geodynamical reconstructions 75 Ma.
(continued)
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75Ma
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Figure 8 [facing page]. Geodynamical reconstructions 60 Ma.
(continued)
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60Ma
Dagua-Pinon
Accretion
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Figure 9 [facing page]. Geodynamical reconstructions 45 Ma.
(continued)
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45Ma
Crustal shortening 
throughout the 
Central Andes 
commences
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Figure 10 [facing page]. Geodynamical reconstructions 30 Ma.
(continued)
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30Ma
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Figure 11 [facing page]. Geodynamical reconstructions 15 Ma.
(continued)
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15Ma
Continued orogenic shortening 
and arc rotation
Continued uplift 
throughout the 
Central Andes
 4–30
CHAPTER 4       ANDEAN EVOLUTION
Figure 12 [facing page]. Geodynamical reconstructions 0 Ma.
(continued)
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0Ma
Choco Accretion
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and reverse subduction of Rocas Verdes Basin oceanic lithosphere beneath the 
Southern Patagonian magmatic arc (Kraemer, 2003). This reverse subduction 
results in the closure and eventual inversion of the Rocas Verdes Basin 
(Halpern and Rex, 1972; Dalziel et al., 1974). As detailed by Diraison et 
al. (2000), during the Late Cretaceous the Cordillera Darwin experiences 
a major period of uplift and cooling (Dalziel and Palmer, 1979; Nelson et 
al., 1980; Nelson, 1982; Dalziel, 1985; Dalziel and Brown, 1989; Kohn et al., 
1993; 1995; Cunningham, 1995). In this reconstruction we have modelled 
this uplift as overthrusting to the NE and left-lateral wrenching (Klepeis, 
1994; Diraison et al., 2000; Kraemer, 2003).
Accretion of the Amaime island arc occurs along the western margin of 
the Cordillera Real (Aspden and Litherland, 1992; Litherland et al., 1994). 
The Romeral-Peltetec fault system exhibits high-pressure assemblages and 
metamorphic units and is inferred to have been the suture along which 
this accretion event occurred (Bosch et al., 2002; Ramos, 2009). Blueschists 
associated with the Raspas Ophiolitic Complex have been K-Ar dated at 132 
Ma and are considered to represent the emplacement of the Amaime arc 
terrane (Feininger et al., 1982; McCourt et al., 1984). This accretion event 
occurs prior to the Late Cretaceous collision of a plateau, as detailed by 
Pindell and Tabbutt (1995) and Alemán and Ramos (2000).
90 to 60 Ma (Figures 6-8)
The Northern Andean margin experiences a collision with an oceanic plateau 
during the Late Cretaceous (Pindell and Tabbutt, 1995; Alemán and Ramos, 
2000). Palaeomagentic data suggest that a single oceanic plateau collides 
with the Northern Andean margin and later fragments (Luzieux et al., 2006), 
contrasting to the concept of a series of collisions as proposed by Kerr et 
al. (2002). U-Pb SHRIMP data validate the single collision concept (Vallejo 
et al., 2006). This is modelled as the accretion of the Dagua-Pinon terrane, 
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which extends from Columbia down through Ecuador, and is dated as 
accreting between 75-65 Ma (Alemán and Ramos, 2000; Cediel et al., 2003). 
A magmatic arc on the Central Cordillera of Columbia and Cordillera Real 
of Ecuador is active until the Late Cretaceous (Ramos, 2009). Ramos (2009) 
suggests the Paleocene granites associated with the Antioquia batholith 
may be related to an episode of slab break-off that occurs in the northern 
Central Cordillera.
Closure of the Rocas Verdes Basin and crustal shortening of the Cordillera 
Darwin continues, with approximately 40 km occurring during the Late 
Cretaceous (Kraemer, 2003).
60 to 30 Ma (Figures 8-10)
Crustal shortening of the Central Andes commences during the Mid-
Eocene (McQuarrie, 2002; Arriagada et al., 2008), likely as a consequence 
of the Central Andean 37 to 25 Ma flat-slab episode (O’Driscoll et al., 2012). 
Horizontal shortening is focused in the Eastern Cordillera (Arriagada et 
al., 2008). Varying degrees of along-strike shortening causes bending of 
the Central Andes and formation of the Bolivian Orocline (Arriagada et al., 
2008). The relationship between the basement highs and the physiographic 
boundaries of the Andean Plateau suggests shortening is controlled by the 
duplexing and stacking of basement megathrusts (McQuarrie, 2002). This 
protracted shortening generates crustal thicknesses of ~70 km below the 
highest topography in the Eastern and Western Cordillera (Beck and Zandt, 
2002).
30 Ma to Present (Figures 10-12)
Differential crustal shortening of the Central Andes continues. Despite the 
extensive crustal thickening associated with this shortening, palaeoelevations 
were less than 2 km in the Altiplano, and 2.5-3.5 km in the Eastern and 
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Western cordilleras until ~10 Ma (Hoke and Garzione, 2008). Removal of 
dense eclogite and mantle lithosphere changes the internal structure of the 
Andean lithosphere between approximately 10-6 Ma, triggering regional 
surface uplift of approximately 1.5-2.5 km (Garzione et al., 2008). The low-
relief landscape presently observed in the Andean Plateau was enhanced by 
way of mass redistribution caused by continued lower-crustal flow, erosion, 
and sedimentation, from 6 Ma to Present (Garzione et al., 2008).
During the Neogene the Rocas Verdes Basin and Cordillera Darwin 
deformation continues, with approximately 80 km of shortening occurring 
(Kraemer, 2003). The Patagonian Orocline completes its presently observed 
90° rotation (e.g. Cunningham et al., 1991; Maffione et al., 2010).
To the north the Choco terrane accretes onto the Cordillera Occidental 
(Duque-Caro, 1990). Geochemical and isotopic data suggest the Choco 
terrane is derived from a different part of the Caribbean Plateau to that of the 
Dagua-Pinon fragment (Kerr and Tarney, 2005). Duque-Caro (1990) argued 
that presence of exotic upper Paleocene planktic foraminiferal assemblages 
suggests the Choco Block originated as distant as the northern latitudes of 
Guatemala and Mexico. Biostratigraphic dating constrains the age of Choco 
accretion at approximately 13 Ma (Duque-Caro, 1990). This accretion occurs 
along the Uramita Fault Zone, which sutures the Choco terrane and the 
Cordillera Occidental, and entailed major deformation of Middle Miocene 
formations (Duque-Caro, 1990), the details of which are not modelled in 
the continental-scale reconstruction presented here.
DISCUSSION
The Central Andean terranes and evolution of the Rocas Verdes Basin
A major constraint in the reconstruction of the Southern Andes regards 
the original extent of the Rocas Verdes Basin. Mafic volcanics, attributed 
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to the Rocas Verdes Basin, are found from the southern tip of Patagonia 
through to the Sarmiento Complex (Dalziel et al., 1974). These volcanics 
suggest the Basin did not extend north of approximately 50°N (Fosdick et 
al., 2011). This observation was incorporated into the Southern Andean 
tectonic models of Cunningham (1993), Cunningham (1995), Diraison et 
al. (2000), (Kraemer, 2003), and this paper. In the tectonic models of such 
studies the Rocas Verdes Basin is a small marginal basin that opens behind 
an active andesitic island arc during the Cretaceous. 
However, a recent study by Vérard et al. (2012) presents a different model, 
whereby the Rocas Verdes Basin is up to 3000 km wide, and extends from 
Patagonia to the Central Andes. Vérard et al. (2012) suggest the width of the 
basin is constrained by the Early Cretaceous collision of cross-Pacific GDUs 
(a term given to the various geological units that originated in the ‘Pacific 
magnetic triangular zone’ of Müller et al. (2008), and terranes rifting from 
South America during the formation of the Rocas Verdes Basin. However, 
the data for this collisional event (Thomson and Herve, 2002; Herve and 
Fanning, 2003; Willner et al., 2004) is derived from work undertaken in the 
Southern Andes only. However Vérard et al. (2012) have included the rifting 
of Central Andean terranes (such as Arequipa) off the Andean margin as 
part of the Cretaceous opening of the Rocas Verdes Basin. We have not 
applied the same reasoning, and have taken the approach that the Central 
Andes followed a different evolution to that of the Southern Andes – one 
that does not involve the Rocas Verdes Basin. 
Palaeozoic samples, from the Sierra de Almeida of northern Chile, show 
discordance from the Gondwanan palaeomagnetic path only for the latest 
Cambrian-earliest Ordovician (Forsythe et al., 1993). Forsythe et al. (1993) 
explained this discordance whereby the Arequipa block rotated about a nearby 
pole but was resutured to Gondwana during the Silurian. Prior to this event 
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Arequipa was rifted during the breakup of Rodinia in the Neoproterozoic 
(Sempere, 1995), however has remained in situ since this Silurian reaccretion 
event. 
While there is conjecture as to whether the Arequipa and Antofalla terranes 
are part of the same block (Ramos 2009), there are numerous data advocating 
that the Antofalla terrane reaccreted to the continental margin by the Late 
Ordovician (Ramos, 2008 and references therein). The Famatina and Cuyania 
terranes accreted during the Middle Ordovician, as evidenced by significant 
deformation during the Famatinian orogeny (Astini et al., 1995; Pankhurst 
et al., 1998; Quenardelle and Ramos, 1999). Various geochronological and 
geological data suggest the Chilenia terrane is likely to have accreted during 
the Late Devonian (Ramos, 2010). These data suggest the Central Andean 
terranes have remained as a part of South America since their Palaeozoic 
accretion and/or reaccretion, and thus were not involved in any Mesozoic 
rifting related to formation of the Rocas Verdes Basin. Subsequently our 
model follows that of Cunningham (1993), Cunningham (1995), Diraison et 
al. (2000), and (Kraemer, 2003), whereby the Rocas Verdes Basin is a small 
marginal basin that opens behind an active island arc.
Crustal deformation in the Central Andes
The model we have developed uses data suggesting that during the Mid-
Eocene to Mid-Miocene shortening was focused in the region of the central 
Bolivian Andes (16°–24°S), with a total shortening ~400 km as presented 
by Arriagada et al. (2008). This amount of shortening, and the inherent 
bending of the Bolivian orocline during the Mid-Eocene to Pliocene, may 
not fully account for the observed total palaeomagnetic rotations of >25° 
north and south of the Arica Bend for this time period (Arriagada et al., 
2008). That said, it should be emphasized that this difference between the 
observed and predicted palaeomagnetic data is not conclusive, and may 
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Figure 13. Regional-scale structural kinematics of the Bolivian Orocline.
Illustrating following Randall et al. (1996) and Beck (1998). The strike-slip domino model 
(starting configuration (a), final configuration (b), that occurs as a consequence of oblique 
convergence, and results in the formation of left-lateral antithetic faulting between the dominant 
– in this case right-lateral – strike-slip systems. This faulting contributes to oroclinal bending, 
and additional rotation of fault-bounded blocks as observed by several palaeomagnetic studies. 
Note that in order for crustal volume to be conserved the deformation zone must lengthen 
and/or crust thicken.
a.
b.
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simply be a consequence of data resolution. However, if one were to examine 
the implications that the palaeomagnetic data suggest, either the orogen 
was actually straighter prior bending, or that in situ block rotations have 
contributed (Figure 13). Beck (1998) proposed that sub-crustal ductile flow 
is likely to have caused significant local block rotations, and thus would be 
a plausible mechanism to explain the additional rotations observed within 
the palaeomagnetic data. 
Dynamics of the Andean subduction zone
The Cretaceous to Present Andean subduction zone records a dynamic history 
with respect to cratonic South America (Figure 14). The Northern Andean 
subduction system is relatively stable, with the only movement being westward 
as a result of the addition of crust through accreted terranes. The Central 
Andean region experiences a large Eocene/Miocene shift subduction zone 
location as a result of orogenic shortening and orocline formation. Oroclinal 
formation also has a large influence on subduction in the Southern Andes, 
with the southern extremity of the system potentially experiencing migration 
upwards of 600 km relative to South America. This illustrates the potential 
forces subjected to lithosphere subducting beneath South America. Such forces 
are likely to be amplified when absolute motion of the overriding plate is 
considered. Studies analysing tectonic processes occurring along the Andean 
margin, and its subduction system, must consider the lateral movements 
of the subduction system through time. Subduction dynamics are likely to 
have had a large influence on magmatism, metamorphism, mineralisation, 
and the morphologic evolution of subducting lithosphere. However, it is 
important to note we have not accounted for subduction erosion of the 
forearc, a process that is likely to have affected the lateral positioning of the 
palaeo-subduction zone, and thus subsequent conclusions.
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Figure 14. Trench dynamics of the Andean subduction system from 145 Ma to Present, 
relative to stable South America. 
Subduction zone location for distinct times is indicated by coloured lines, with numbers 
indicating time in Ma. Present-day continental outline is used to illustrate South America.
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Subduction erosion is the process through which material from the frontal 
wedge and/or base of the overlying plate is scraped and abraded by the 
underlying subducting plate. This eroded material is transported down under 
the arc where it may be incorporated into the zone of arc magma generation. 
Various geochemical, seismic and outcrop data can be used to assess the rate 
at which subduction erosion occurs. A series of offshore cores from south-
central Chile were analysed by Encinas et al. (2008), with the facies succession 
and palynological diversity indicating Neogene deposition occurred on a 
slope undergoing rapid and widespread forearc subsidence. It was proposed 
that such subsidence resulted from a major subduction erosion event, with 
the removal of material from the underside of the continental plate resulting 
in significant thinning (Encinas et al., 2008). In Peru and northern Chile, 
paleobathymetric data indicate rapid subduction erosion and trench retreat 
from 150 to 20 Ma, and slow rates of erosion from 20 Ma to Present (Clift 
and Hartley, 2007). Subduction erosion is not a continuous steady-state 
process, but rather dynamic with periods of synchronous accretion and 
erosion (Clift and Hartley, 2007). This concept agrees with that proposed by 
Kay et al. (2005), who used major and trace element analyses to conclude 
that Miocene subduction erosion in the Central Andes occurred as short-
lived episodes (~3 Ma duration) of frontal-arc migration. Further, Kay et al. 
(2005) attempted to quantify the degree of such kinematics, concluding that 
since 20 Ma crustal shortening and forearc truncation have led to the loss 
of ~170 km of crustal width (in the region of 34°S). Subduction erosion has 
played an important role in the lateral positioning of the Andean subduction 
zone. Whilst such kinematics have not been incorporated into this study, 
substantial data exists for the entire margin (e.g. Stern, 2011). Integrating 
such data and models is the logical next step for the further development 
of the reconstruction presented here.
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Strain, topography, and deformation
The mesh-based feature of Pplates allows the calculation of strain through 
time. The starting configuration (in this case 145 Ma) of the meshes have 
zero-strain, and thus the strain reconstruction figures (Figures 15-24) are 
presented illustrating the accumulation of strain from 145 Ma to the present-
day only. Our model predicts the high degree of strain associated with the 
formation the Patagonian and Bolivian Oroclines. In the Southern Andes 
it can be seen that the greatest episode of contraction occurred between 
130-90 Ma, and not only images the strain accumulation associated with 
closure of the Rocas Verdes Basin, but also the counter-clockwise rotation 
and associated shortening in the Tierra del Fuego region. The strain model 
we present here illustrates the high degree of contraction (~275 km) that 
may have occurred during the Mid-Eocene to Mid-Miocene in the Central 
Andes, with the greatest level of contraction occurring in the region of the 
oroclinal axis. Such data, although of a continental-scale, is potentially 
useful when quantifying and comparing the degree of deformation to real-
world geological data, and alternative palaeogeographic models. As the 
level of detail within the input data is increased, so is the usefulness of this 
modelling feature.
The deforming mesh model of South America also allows changes in topography 
to be observed (Figures 15-24). As detailed by Smith et al. (2007), the method 
for calculating dynamic topography involves the reconstruction starting with 
present-day topography, assuming isostasy and a standard crustal model, 
and conserving crustal volume. This calculation illustrates the changes that 
are forced by uniform stain, as imposed by the reconstruction. While these 
calculations do not account for erosion, changes in palaeo-altitude caused 
by crustal thickening are quantified. If the deformations in the model are 
realistic, such changes in palaeo-altitude could correspond to the depth to 
basement of the sediment in modern-day basins (Smith et al., 2007). 
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Figure 15a. Reconstruction illustrating dynamic strain at 145 Ma. 
Dynamic strain is illustrated by red lines (contraction) and blue lines (extension), while starred 
points represent no strain.
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Figure 15b. Reconstruction illustrating dynamic topography at 145 Ma. 
Dynamic topography is depicted by present-day topography data (NOAA ETOPO2) held by 
mesh faces. Crustal volume is maintained, although effects of erosion on elevation through 
time have not been simulated. The model illustrates the presence of basins in the Central Andes 
prior to the formation of the Bolivian Orocline.
0200040006000 -2000 -4000
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Figure 16a. Reconstruction illustrating dynamic strain at 130 Ma. 
Crustal shortening throughout Southern Patagonia. Refer to Figure 15a for image description.
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Figure 16b. Reconstruction illustrating dynamic topography at 130 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
Figure 17a. Reconstruction illustrating dynamic strain at 115 Ma. 
Refer to Figure 15a for image description.
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Figure 17b. Reconstruction illustrating dynamic topography at 115 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
Figure 18a. Reconstruction illustrating dynamic strain at 90 Ma. 
Refer to Figure 15a for image description.
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Figure 18b. Reconstruction illustrating dynamic topography at 90 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
Figure 19a. Reconstruction illustrating dynamic strain at 75 Ma. 
Refer to Figure 15a for image description.
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Figure 19b. Reconstruction illustrating dynamic topography at 75 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
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Figure 20a. Reconstruction illustrating dynamic strain at 60 Ma. 
Refer to Figure 15a for image description.
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Figure 20b. Reconstruction illustrating dynamic topography at 60 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
Figure 21a. Reconstruction illustrating dynamic strain at 45 Ma. 
Refer to Figure 15a for image description.
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Figure 21b. Reconstruction illustrating dynamic topography at 45 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
Figure 22a. Reconstruction illustrating dynamic strain at 30 Ma. 
Refer to Figure 15a for image description.
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Figure 22b. Reconstruction illustrating dynamic topography at 30 Ma. 
Crustal shortening and uplift occurs throughout the Central Andes. Refer to Figure 15b for 
image description.
0200040006000 -2000 -4000
Figure 23a. Reconstruction illustrating dynamic strain at 15 Ma. 
Dynamic strain is illustrated by red lines (contraction) and blue lines (extension), while starred 
points represent no strain.
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Figure 23b. Reconstruction illustrating dynamic topography at 15 Ma. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
Figure 24a. Present-day illustrating dynamic strain. 
Dynamic strain is illustrated by red lines (contraction) and blue lines (extension), while starred 
points represent no strain.
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Figure 24b. Present-day topography. 
Refer to Figure 15b for image description.
0200040006000 -2000 -4000
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The dynamic topography model illustrates the potential presence of basins 
in the Central Andes prior to the formation of the Bolivian Orocline. While 
this somewhat qualitative information is interesting, the scale of the tectonic 
reconstruction does not allow genuinely useable conclusions to be drawn 
regarding basin formation and inversion. Increasing the density of mesh 
nodes, and incorporating additional geochronological and geological data 
would go someway to resolving this.
CONCLUSIONS
Current plate tectonic reconstruction theory needs to begin to confront 
the challenges associated with modelling penetrative deformation of the 
continents. The model presented here is the compilation of numerous 
palaeogeographic models and various geochronological, geological and 
geophysical data within a deformable, mesh-based framework. While there 
are competing interpretations for Andean evolution, particularly regarding 
the formation of the Bolivian Orocline, this deformable model of Cretaceous 
to Present Andean evolution demonstrates several interesting implications 
in terms in terms of strain, topography, geometry and relative translations. 
Our model presents that the Central and Southern Andes formed a sub-
linear belt during the Cretaceous. After a period of large-scale extension 
in the Jurassic, crustal shortening associated with Rocas Verdes Basin 
closure produced the Patagonian Orocline. In the Central Andes we have 
assumed that both differential shortening and crustal block rotation, from 
the Mid-Eocene to Present, formed the Bolivian Orocline. Crustal growth 
has occurred in the Northern Andes by means of episodic terrane accretion 
throughout the Mesozoic-Cenozoic. This study was developed within the 
Pplates mesh-based software, allowing us to quantify the implications of 
the model through assessable predictions. However, there are several other 
geodynamic explanations that may fit the data utilised here. Thus, the next 
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step would be to test alternative palaeogeographic models and datasets, and 
see how these compare to the model presented here, specifically in terms of 
the evolution of individual Andean basins, tectonic block rotations, terrane 
accretions, and subduction zone dynamics. This could easily be achieved 
with use of the Pplates software, and such models could be updated as new 
or additional data are evaluated. Such an approach is required if we are to 
overcome the problem associated with modelling and testing the fluid-like 
evolution of Earth’s orogenic zones.
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Different interpretations and terminology are used to define the geological 
units of western South America. To avoid confusion, here we provide the 
details of the data we have used from published literature to define the 
boundaries of the tectonic blocks and terranes depicted in this study. See 
Figure 1, Chapter 4, for locations.
Amaime
Interpreted as an incomplete ophiolite, consisting of mafic volcanics of 
massive tholeiites and pillow lavas (Aspden and McCourt, 1986). Bounded 
by the Cauca fault in the west, and the Romeral-Peltetec fault in the east 
(Aspden and McCourt, 1986). The formation is elongate to the northwest-
southwest up to 20 km wide and 200 km long (Aspden and McCourt, 1986). 
Antofalla
An accreted terrane defined as the exposed basement outcrops in northwestern 
Argentina and northern Chile (Forsythe et al., 1993; Casquet et al., 2008). 
Initially understood to be a series of ophiolitic rocks of pre-Ordovician 
(Zimmerman et al., 1999) or Precambrian (Coira et al., 2009) age, however 
recent U–Pb dating of zircons suggests an Ordovician origin (references 
within Ramos 2010). 
Arequipa
A cratonic block interpreted to have originated as part of pre-Grenville 
Laurentia (Dalziel, 1994). The terrane is characterized by mainly Pb isotopes 
206Pb/204Pb ratios that are representative of an ancient high-grade terrane 
(Mamani et al., 2010).
Chibcha
Also known as the Central Colombian terrane, this continental basement 
block arrived from North America (Forero-Suárez, 1990). The Borde Llanero 
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fault separates Chibcha from the autochthonous Gondwana (Cáceres et al., 
2003; Ramos, 2009). Collided with Gondwana during Rodinia formation, 
before detaching and colliding once again during the Paleozoic (Forero-
Suárez, 1990; Aleman and Ramos, 2000; Cordani et al., 2005).
Chilenia
High-grade metamorphic rocks with U–Pb zircon ages of between 1060 and 
1080 Ma (Ramos and Basei, 1997). Ramos (2010) suggests that the Cuyania 
Terrane was the main source of metasediments for Chilenia.
Choco
Comprises the isthmus of Panama and northwestern Colombia, including 
the westernmost region of the Cordillera Occidental (Duque-Caro, 1990). 
Is an exotic block, with foraminiferal assemblages suggesting an origin at 
latitudes near Guatemala or Mexico (Duque-Caro, 1990).
Cuyania
Cuyania consists of Grenville basement, originating from the Ouachita 
embayment (Thomas and Astini, 1996). U–Pb zircon ages range from 1000 
to 1200 Ma (Kay et al., 1996; Casquet et al., 2001; Sato et al., 2004; Vujovich 
et al., 2004).
Dagua–Piñon
Composed of basaltic rocks tholeiitic MORB (mid-oceanic-ridge basalt) 
-type affinity, and includes thicknesses of sediments consisting including 
chert, siltstone, and graywacke (e.g., Cediel et al., 2003). Kerr et al. (1996) 
state that these basalts are suggestive of an oceanic crust, aseismic ridges, 
and/or oceanic plateaux origin for the Dagua–Piñon Terrane.
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Famatina
Displays a Grenville basement age (Rapela et al., 2010), and is interpreted 
as a piece of stretched crust accreted to the western margin of Gondwana 
during the Ordovician as part of the Terra Australis orogen (Quenardelle 
and Ramos, 1999; Cawood, 2005).
Oaxaquia
Contains a high-grade metamorphic basement of Grenville age (Ramos, 
2010 and references therein). This terrane was detached from Gondwana 
in Late Ordovician–Silurian times (Keppie and Dostal, 2007).
Paracas 
Metamorphic rocks interpreted to have accreted to the Peruvian margin 
during the Ordovician (Ramos, 2008), or slightly more recent (Cardona et 
al., 2009).
Patagonia
Foreland that includes basins of both rift and foreland histories surrounding 
the pre-Mesozoic Somun Cura and Deseado massifs. The Magallanes Basin 
composes a succession of marine and continental sedimentary of Jurassic-
Miocene age (e.g., Ghiglione and Ramos, 2005), while the Deseado Massif 
contains metamorphic rocks with inherited zircons from 1000-1060 Ma 
(Pankhurst et al., 2003).
Southern Patagonia
Comprised of a magmatic arc, metamorphic belts, and metamorphic zones, 
displaying inherited zircons of Grenville-age (Pankhurst et al., 2001).
Tahami
A highly metamorphosed fragment of Laurentia emplaced during Laurentia-
Gondwana collision (Ramos, 2009).
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Tahuin
A high-grade metamorphic terrane, with three distinct metamorphic belts 
(Feininger, 1987). The eastern boundary is the Las Aradas Fault (Feininger, 
1987). Like the Tahami Terrane of Columbia, the Tahuin is a remnant of 
Laurentia following Early Permian collision with Gondwana (Ramos, 2009).
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Chapter 5
MORPHOLOGY OF SUBDUCTED 
LITHOSPHERE BENEATH 
PAPUA NEW GUINEA IN 3D
The direct object of geology is, to unfold the solid 
substance of the Earth – to discover by what causes its 
several parts have been either arranged or disorganized 
– and from what operations have originated the general 
stratification of its materials, the inequalities of its 
surface, and the vast variety of bodies that enter into
its make.
 John Mason Good, The book of Nature (1844)
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Foreword 
In this chapter we analyse the structure exhibited by the subducted lithosphere 
located beneath the eastern New Guinea region of SE Asia. The morphology 
exhibited by this subducted slab has been the subject of numerous studies, 
yet controversy as to its large-scale geometry remained.
We illustrate, using tomographic cross-sections, that the subducted lithosphere 
beneath eastern New Guinea does in fact display both north- and south-
dipping limbs, connected by a flat-lying arch of lithosphere. Despite numerous 
attempts there was still some conjecture regarding this matter.
Further we propose, by means of seismic analysis using eQuakes, that the 
doubly-dipping slab segment is actively detaching from the part that is 
currently subducting beneath the New Britain Arc. A large, N-S trending 
tear accommodates this detachment.
The eQuakes program was written and developed by Prof. Gordon Lister 
at The ANU. Tomographic data was developed by Prof. Wim Spakman of 
Utrecht University, The Netherlands.
Tomas O’Kane is grateful for the support of an Australian Postgraduate Award 
provided by the Australian Government. Research support was provided by 
The Australian Research Council Discovery Grant DP0877274 “Tectonic mode 
switches and the nature of orogenesis” and by the 4D porphyry consortium 
(AngloGold Ashanti Australia Ltd, Marengo Mining Ltd, Newmont Asia-Pacific 
Ltd, Teck Australia Pty Ltd and VALE Exploration Pty Ltd).
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CHAPTER SUMMARY
This study outlines conclusions that have been derived as a result 
of 3D analysis of slab geometry beneath eastern New Guinea 
using tomographic and Centroid Moment Tensor (CMT) data. In 
this region the Solomon Sea Plate has been overridden by New 
Guinea, and is present as a flat-lying segment of lithosphere, 
the top of which is located at approximately 120 km depth. 
We provide further evidence that this subudcted lithosphere 
is doubly-dipping, with both north- and south-dipping limbs. 
Analysis of the spatial distribution seismic activity, and focal 
mechanisms, also suggests the presence of a slab tear, located 
beneath the Huon Peninsula. This slab tear detaches the doubly-
dipping slab segment from the part that is actively subducting 
beneath the New Britain Arc. The slab detachment described 
here may be a consequence of interaction with the base of the 
Australian lithosphere, or conversely by isolation from surface 
tectonic processes. Whatever the cause, it is likely that this slab 
detachment plays an important role in the 
tectonics of eastern New Guinea.
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INTRODUCTION
The morphology exhibited by subducting slabs is recognized as being an 
important constraint when interpreting the tectonic and magmatic history 
of a region. There are numerous slab geometries and processes that occur 
at convergent margins, however slab detachment in particular plays an 
important role. Studies have correlated slab detachment to spatial and/
or temporal changes in magmatism, metamorphism, mineralisation and 
horizontal or vertical stress states and crustal motion. The process of slab 
detachment, and its affects, can occur on the on the order of a few million 
years (Ferrari 2004; Pallares et al., 2007) and has been ascertained to have 
occurred in regions including Tonga (Bonnardot et al., 2009), Kamchatka 
(Levin et al., 2005), the India–Asia collision zone (van der Voo et al., 1999), 
the Mediterranean (Wortel and Spakman, 2000), the Marianas (Miller et al., 
2006), and Baja California–Central America (Ferrari 2004). In this study, we 
utilise earthquake hypocentre and tomographic data to locate and describe 
a newly identified slab tear beneath eastern New Guinea. We discuss the 
conceptual implications of this slab tear and propose that slab detachment is 
currently initiating, whereby the section of the slab that lies beneath eastern 
New Guinea is breaking from the part that is actively subducting under the 
New Britain Arc.
TECTONIC SETTING OF EASTERN NEW GUINEA
The rapid northward advance of the Australian Plate, commencing in the 
Eocene, has resulted in the formation of an oblique collision zone with the 
Pacific Plate (e.g., Hill and Hall, 2003). Accreted terranes, obducted oceanic 
lithosphere, deformed fold-and-thrust belts, and numerous microplates 
characterize this tectonic boundary (e.g., Hall, 2002; Baldwin et al., 2012). 
The island of New Guinea, located on the northern margin of the Australian 
Plate, records the history of such events. The focus of this study is eastern 
New Guinea, where recent arc-continent collision involved subduction of 
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the Solomon Sea Plate, and accretion of the Adelbert and Finisterre terranes, 
located on the southern margin of the South Bismarck Plate (Figure 1) (e.g., 
Johnson and Jaques, 1980; Hill and Raza, 1989; Woodhead et al., 2009). 
This accretion event commenced at approximately 3-3.7 Ma (Abbott et al., 
1994), and occurred along the Ramu Markham Fault, stranding a segment 
of subducted Solomon Sea Plate lithosphere beneath eastern New Guinea. 
This segment of lithosphere has been the focus of numerous studies, and 
considerable debate. Early studies recognised the presence of a well-defined 
Wadati-Benioff zone dipping to the north, whilst suggesting there was little 
evidence for a south-dipping zone beneath eastern New Guinea (e.g., Johnson 
et al., 1971). Abers and Roecker (1991), presenting relocated earthquake data 
and P and S arrival time data, concurred that no south-directed subuction 
of the Solomon Sea Plate has occurred beneath Papua New Guinea. An 
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Figure 1. Topography and bathymetry of mainland Papua New Guinea.
Map created using GeoMapApp <http://www.geomapapp.org> and (Global Multi-Resolution 
Topography data). AT, Adelbert Terrane; FT, Finisterre Terrane; NBP, North Bismarck Plate; 
NBT, New Britain Trench; SBP, South Bismarck Plate; SSP, Solomon Sea Plate; RMF, Ramu 
Markham Fault. Coloured lines with symbols illustrate locations of the cross sections of the 
tomographic images in Figure 2.
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alternative hypothesis was presented by Cooper and Taylor (1987) and Pegler 
et al. (1995), whereby an intermediate-depth seismic zone was presented as 
dipping to both the north and south, forming an inverted-U, and interpreted 
as being representative of a doubly-dipping Solomon Sea slab. Subsequent 
tomography studies were not conclusive as to the presence of this double-
dipping slab (Hall and Spakman, 2002). In this study, we present new seismic 
and tomographic evidence that is suggestive of a double-dipping Solomon 
Sea slab being located beneath eastern New Guinea. We also propose that 
this slab is currently breaking from the actively subducting segment located 
further to the east.
TOMOGRAPHIC DATA
Seismic tomography models delineate velocity perturbations present in the 
Earth’s mantle. Such data are used to infer the location of large-scale structures, 
such as determining the presence of oceanic lithosphere as it descends through 
the relatively warmer upper mantle. Advances in processing methods and 
analysis has led to the development of models capable of resolving small-
scale details of subducting lithosphere structure, even in regions with limited 
ray-path coverage, such as SE Asia (e.g., Bijwaard et al., 1998).
For this study, the UUP07 tomographic model (Amaru, 2007; van der Meer 
et al., 2010) is utilised to determine the geometry of high-velocity anomalies 
beneath eastern New Guinea. The methods used to develop this model are 
described in Amaru (2007) and van der Meer et al. (2010). Cross sections 
through the tomographic model illustrate the presence of a geometrically 
complex high-velocity anomaly, which we infer to be related to the subducted 
Solomon Sea Plate (Figure 2). In all sections a north-dipping segment is 
present from approximately 100 km depth, extending beyond the active 
Wadati-Benioff zone to depths approaching the 660 km transition zone. 
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Figure 2. Tomographic sections of Papua New Guinea. 
Cross sections are through the UUP07 tomography model of Amaru (2007) and van der Meer et 
al. (2010) along the traverses illustrated in Figure 1. Depth units are in km, while the horizontal 
axis is in degrees. The dashed lines are phase changes at ~410 km, while dots are earthquake 
hypocentres within 12 km of the section. All sections indicate both north- and south-dipping 
positive anomalies associated with the Solomon Sea Plate subduction. The north-dipping 
segment appears to be continuous with a south-dipping segment in sections S3-S’ and S4-S4’, 
and is interpreted to define a doubly-dipping Solomon Sea slab. Within sections S1-S1’ and 
S2-S2’ the south-dipping segment is also imaged, however connection with the north-dipping 
segment is less clear.
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The top of this anomaly appears to be broadly continuous with a flat-lying 
anomaly – the top of which is located at approximately 100 km depth – 
particularly beneath the western region of the Finisterre Terrane, in sections 
S3-S’ and S4-S4’. Further to the east, in sections S1-S1’ and S2-S2’, this flat-
lying anomaly is less apparent. A south-dipping anomaly, although not as 
strong as the north-dipping anomaly, is also imaged in all sections. This 
south-dipping anomaly extends south to approximately 200-300 km depth. 
The geometry revealed here by the tomographic cross sections is in general 
correlation to Cooper and Taylor (1987) and Pegler et al. (1995), who advocate 
the presence of a doubly-dipping Solomon Sea slab beneath eastern New 
Guinea. Such geometry is also exhibited by the Molucca Sea Plate subduction 
system, located between northern Sulawesi and Halmahera (Widiyantoro 
and Van der Hilst, 1997). This inverted U-shaped slab beneath eastern New 
Guinea is noticeably different to that exhibited by the actively subducting 
Solomon Sea slab, located to the east below the New Britain Arc, which only 
displays a north-dipping slab segment. This transition between distinctive 
geometric slab structures appears to occur in the region beneath the Finisterre 
Terrane (Figure 1), located on the Huon Peninsula of mainland Papua New 
Guinea. Consequently, we examine fault plane data from this area.
SEISMICITY BENEATH THE HUON PENINSULA
The Huon Peninsula region displays a high level of seismicity, particularly in 
upper-crustal levels, primarily due to it being the site of active arc-continent 
collision (Figure 3a). In addition to this upper-crustal seismicity, as revealed 
in previous studies a well-defined Wadati-Benioff Zone exists to the north of 
the Finisterre Terrane. Within this zone Abers and Roecker (1991) identified 
the presence of a concentrated zone of intermediate-depth seismicity, and 
termed it the “Finisterre Nest” (Figure b). Fault plane data of seismic activity 
defines discrete orientation clusters (Lister et al., 2008), and thus it is possible 
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to determine the structural geometry and kinematic linkages between such 
data. As such, we plotted seismicity associated with the Finisterre Nest within 
the eQuakes program (Figure 3c), using data from the centroid moment 
tensor (CMT) project <http:// www.globalcmt.org>).
A
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Figure 3. Seismicity beneath Papuan New Guinea plotted using the eQuakes program. 
(a) Earthquake epicentres from the Global Centroid Moment Tensor (CMT) project (Dwiezon-
ski et al., 1981; Ekstrom et al., 2005; Nettles et al., 2011), and the EHB catalogue (Engdahl et 
al.,, 1998; <http://www.isc.ac.uk/EHB/>). Strike slip faults are coloured in purple. Thrust-faults 
(red) involve up-dip relative motion of the overriding rock mass, while normal faults (blue) 
show down-dip relative motion. Yellow box refers to inset, Figure (b), while cross section A-A’ 
refers to the same points within Figure 4. (b) seismicity beneath the Finisterre Terrane. For 
image clarity only earthquakes of 150 km depth and below are shown. Earthquakes highlighted 
in yellow are plotted in Figure 3c. c, Fault data associated with the “Finisterre Nest” plotted on 
the lower hemisphere of a stereonet.
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This data displays a large scatter, however several conclusions can still be 
derived. We base our solution on the surface trend of the seismicity, and 
regional geometry of the subducting lithosphere. From this we propose the 
Finisterre Nest fault plane poles broadly scatter about a dip of ~35°->35°, 
while slip lines scatter around a plunge of ~65°->120°. While the large scatter 
of the events does not negate the possibility of alternative hypotheses, such 
a scenario implies a large fault or discontinuity is separating the subducted 
lithosphere beneath eastern New Guinea from that beneath the New Britain 
Arc. This reasoning is further supported by the focal mechanisms that indicate 
a zone of in-plane extension of the slab, in contrast to the adjacent zones of 
down-dip compression, as presented by Abers and Roecker (1991).
Figure 4. Interpretation of slab structure beneath Papua New Guinea.
Cross section bounds are illustrated in Figure 3 a, and is 180 km wide, thus illustrating a side-
on view of the subducted lithopshere (as viewed from the north). Transparent blue represents 
interpreted extent subducted lithosphere. Seismicity above the detaching segment of subducted 
lithosphere is interpreted as being associated with the Papua New Guinean continental litho-
sphere, specifically the Ramu Markham Fault. Seismicity associated with the “Finisterre Nest” 
is highlighted in yellow. Red line serves to illustrate the connection between the “Finisterre 
Nest” and the vertical offset located at the top of the slab. The vertical offset between the two 
slab segments is approximately 30 km. Cross-section is drawn within a spherical Earth frame, 
while vertical and horizontal units are in kilometres.
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The notion that a large structure separates these two slab segments is reinforced 
by the regional morphology exhibited by the subducted lithosphere beneath 
New Guinea. This flattened zone of seismicity can be viewed as the “hinge” 
of the folded, double-dipping, Solomon Sea Plate. This slab hinge contains 
sharp transition in plunge from approximately -40° to the east, where the 
plate subducts at the triple junction, to an approximately flat-lying segment 
located to the west beneath eastern New Guinea (Figure 4). This change in 
plunge is spatially associated with another morphologic feature. The upper 
level of seismicity, here interpreted as the upper surface of the slab fold, 
potentially contains a vertical offset (Figure 4). It appears that this actively 
subducting part of the Solomon Sea slab is offset by up to 30 km from the 
flat-lying segment of lithosphere.
DISCUSSION
We interpret the vertical offset to represent a north-south trending fault, 
extending approximately 130 km in length. The vertical displacement reduces 
away from the top of the fold forming a diffuse zone of intense deformation 
and faulting, particularly on the north-dipping limb. The Finisterre Nest 
seismicity displays a lineation of 50°-60° to the west, that projects along the 
surface of the slab to this vertical offset. Subsequently, we propose that they 
are likely part of the same structure, a large-scale fault that separates the 
two slab segments.
Such a scenario indicates that slab detachment is presently occurring whereby 
the section of the slab that lies beneath eastern New Guinea is breaking 
from the part that is actively subducting at the New Britain Trench, along a 
large north-south trending fault (Figure 5). We suggest that the slab tear is 
currently propagating down the slab as the segment beneath eastern New 
Guinea sinks further into the mantle. This process consequently causes the 
zone of intense intermediate-depth seismic activity, the Finisterre Nest. The 
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Figure 5. Three-dimensional schematic of subducted lithosphere beneath Papua New Guinea. 
Green colour is the upper surface of the subducted lithosphere, while dark blue is the lower 
surface. Light blue section (with serrated edge) defines the unsubducted Solomon Sea Plate. 
Orange surfaces represent continental regions. Arrows depict the subsidence of the detached 
slab segment. (a) Oblique view from the west. Mainland Papua New Guinea is illustrated as a 
transparent, orange outlined surface. (b) Oblique view from the northwest.
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prediction of active slab tearing is in agreement with Pegler et al. (1995), who 
attributed the abrupt change in the direction of the stress axes as suggesting a 
major slab discontinuity. It appears that this style of slab detachment may in 
fact be a unique example, and could possibly be the result of several different 
tectonic mechanisms. 
The intermediate-depth, double-dipping slab segment situated beneath 
eastern New Guinea has been overridden by continental lithosphere. This 
event occurred as a consequence of the northward advance of the Australian 
Plate, and the accretion of the Finisterre and Adelbert terranes onto the 
northern margin of New Guinea (e.g., Falvey and Pritchard, 1982; Honza 
et al., 1987; Weiler and Coe, 2000; Hall, 2002). This process led to the slab 
segment beneath eastern New Guinea potentially being subject to different 
tectonic forces to that experienced by the slab segment subducting beneath 
the New Britain Arc. 
One scenario could be that the eastern New Guinea slab segment, which 
has a depth of ~120 km to its upper surface, is no longer affected by the 
surface tectonics of the PNG region. Conversely, the New Britain slab still 
has a section located at the surface, and thus is likely be influenced by crustal 
plate kinematics. Additionally, one could presume that the greater extent 
exhibited by the New Britain slab results in it being under higher gravitational 
pull forces than that experienced by the eastern New Guinea section. The 
differing kinematics that this scenario implies would possibly result in a 
zone of deformation, such as the presently inferred break between the two 
slab segments beneath the Finisterre Ranges. 
An alternative explanation for the observed slab detachment is that the eastern 
New Guinea slab segment is indeed affected by the overriding continental 
lithosphere of the Australian Plate. Fast seismic velocities are seen throughout 
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the Australian Plate at depths greater than 100 km. For example, beneath 
parts of the North Australian Craton, including the Kimberley region, fast 
wavespeed anomalies are present to depths of at around 250 km (Fishwick 
et al., 2005). It is difficult to determine the depth to the base of continental 
lithosphere beneath eastern New Guinea (e.g., Figure 2), partly as a result of 
the close proximity of subducted lithosphere, and also due to the relatively low 
ray path coverage. However, using the North Australian Craton as analogy it 
is conceivable that the continental lithosphere beneath eastern New Guinea 
does, in fact, extend to the top of the flat-lying slab segment. Detachment of 
this section of subducted lithosphere may have arisen during collision with 
the base of the Australian Plate, and was distorted and pushed downwards 
as the Australian Plate advanced northwards. Pegler et al. (1995) revealed 
that the seismic activity at the top of the slab beneath eastern New Guinea 
is marked by the presence of predominantly strike-slip, and a few normal, 
fault mechanisms. A tectonic setting whereby the base of the Australian Plate 
is pushing over the top of the slab would explain the occurrence of such 
fault mechanisms. Until further tomographic studies are conducted on this 
region, it is unlikely the driving mechanism for slab detachment beneath 
New Guinea will be resolved.
While the cause of this slab detachment is difficult to determine, it is possible 
its effects are being expressed on surface tectonic processes. The topographic 
effects of slab tearing and detachment, predominantly surface uplift, have 
widely been documented (e.g., Wortel and Spakman, 2000; Duretz et al., 
2011). The tectonic surface uplift rate for the Finisterre Ranges, situated 
above the region of slab detachment documented here, is between 0.8-2.1 
mm year-1 (Abbott et al., 1997). The expected uplift rate caused by crustal 
thickening 0.6-3.0 mm year-1 (Abbott et al., 1997). As such, crustal thickening 
may be the only cause for uplift in this region. However, the range in these 
data does not preclude additional mechanisms for causing additional uplift. 
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If so, detachment of subducted lithosphere beneath eastern New Guinea, 
although only appearing to be a recent phenomenon, may have played a role 
in the growth of the Finisterre Ranges. Until new data better constraining 
expected uplift rates are available, the true tectonic mechanism for surface 
uplift in this region cannot be quantified.
CONCLUSIONS
Tomographic sections provide further convincing evidence that the subducted 
lithosphere beneath eastern New Guinea has a southward-dipping limb, 
attributed to the subducted Solomon Sea Plate. This southward-dipping limb 
is connected to the north-dipping limb by an arch of flat-lying lithosphere. 
There is a vertical offset on the top of this flat-lying slab, with the eastern 
side of the slab tear being approximately 30 km lower than the western 
side. We illustrate that this is a slab tear marking the location of active slab 
detachment. We propose that the flat-lying slab section beneath Papua 
New Guinea is either (i) no longer held at the surface, and is thus breaking 
from the part that is subducting at the New Britain Trench, or (ii) is being 
deformed as a consequence of interaction with the base of the continental 
lithosphere of the northwards advancing Australian Plate. It may be possible 
that the surface uplift of the Finisterre Ranges is in part a consequence of 
this active slab detachment.
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Chapter 6
THE NAZCA SLAB: FRACTURE ZONES 
AND THE TRANSITION FROM 
FLAT TO STEEP SUBDUCTION
To discover order and intelligence in scenes of apparent 
wildness and confusion, is the pleasing task of the 
geological enquirer.
 John Ayrton Paris, unpublished (1785-1856)
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Foreword
In this chapter we outline a method for placing a reconstructed digital grid 
of ocean basin age data onto a 3D model of subducting lithosphere, for the 
purpose of examining potential links between subducted structures and 
slab morphology. We applied this method in a study of the subducted Nazca 
Plate, located beneath western South America. As far as we are aware this 
is the first time such a procedure has been conducted. 
The ideas presented here were stimulated from conversations with Gordon 
Lister regarding the details of slab segmentation, and about ways to analyse 
such features.
Additional impetus for this work came from the team at AngloGold Ashanti 
in Perth, particularly Sandi Occhipinti and Rex Brommecker, who were 
interested in the age of the subducted lithosphere underlying the Andes 
from a prospectivity perspective. Both Sandi and Rex are thanked for their 
interest in this work. 
I have written this chapter as a self-contained document, and anticipate 
submitting a re-formatted version for publication, as:
The Nazca slab: fracture zones and the 
transition from flat to steep subduction
O’Kane, T. P. and Lister, G. S.
Research support was provided by The Australian Research Council Discovery 
Grant DP0877274 “Tectonic mode switches and the nature of orogenesis” 
and AngloGold Ashanti Australia Ltd.
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CHAPTER SUMMARY
Fracture zones are large-scale faults that separate regions 
of oceanic crust of different ages. The importance that these 
structures and associated age offsets play in the evolution 
of subduction zones has been extensively studied. However, 
some problems have been encountered by studies attempting 
to determine the location of fracture zones on lithosphere that 
has already been subducted. Similarly, estimates of slab age have 
also encountered difficulty. In this study we present a method 
that directly places palaeo-age grid data onto a 3D model of 
subducted lithosphere. Our method involves a number of steps, 
including the “reflotation” of a 3D model of slab geometry. We 
applied our methodology in a study of the Nazca slab, which 
is currently subducting beneath South America. We find that 
the sharp transitions from steep to flat subduction observed on 
the Nazca slab are spatially linked to the location of subducted 
fracture zones. We tentatively propose that fracture zones act as 
structures accommodating changes in slab dip. Both our findings 
and methodology have the potential for wide application in 
future studies of subduction zone morphology and evolution.
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INTRODUCTION
Oceanic lithosphere is characterized by the occurrence of various structural 
and geochemical discontinuities, including aseismic ridges and seamounts, 
spreading centres, transform faults, basaltic plateaux, and fracture zones. 
Such features play an important role in the evolution of subduction zones. 
In this study we examine the link between oceanic fracture zones (FZ’s) and 
the morphology of subducted lithosphere beneath western South America.
Fracture zones are the off-axis extension of active transform faults (Wilson, 
1965). These linear structures mark the region where crust of different ages, 
and therefore depths, is fused together (e.g., Sandwell, 1984). Age offsets 
along FZ’s can be >10 Ma, while thermomechanical interactions within the 
lithosphere can lead to vertical displacements exceeding 1 km (e.g., Sandwell, 
1984; Matthews et al., 2011). 
Such variation in lithospheric age and vertical extent across FZ’s has been 
linked to a number of geodynamic processes, several of which are highlighted 
below. The maximum depth descending oceanic lithosphere penetrates 
into the mantle is related to the age of such lithosphere. Penetration depth 
increases with increasing lithospheric age, and is a result of greater gravitational 
instability (e.g., Vlaar and Wortel, 1976). Accordingly, segments of oceanic 
lithosphere are expected to exhibit differing subduction behaviour depending 
upon variations in age, as seen across FZ’s.
Accounting for the age of descending lithosphere can also explain observed 
variations in dip angle. The arc-parallel geometry of subducted lithosphere can 
vary considerably along individual segments of lithosphere (e.g., see Hayes 
et al., 2012), a feature that may be related to the subduction of differentially 
aged lithosphere. For example, Wortel and Vlaar (1978) suggest regions of 
flat-slab subduction beneath South America can be explained by accounting 
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for the variation in lithosphere age across these slab segments, with younger 
lithosphere associated with shallow slab dips. However, due to the difficulty 
in assessing the age of already subducted lithosphere this theory is contested 
(e.g., Cruciani et al., 2005). We discuss the reasons for such disagreement 
in a subsequent section.
Additionally, it is suggested that the lithospheric discontinuities marked by 
FZ’s could be the site for the initiation of self-sustaining subduction (Gurnis 
et al., 2004). As stated above, FZ’s mark a preexisting zone of lithospheric 
weakness often associated with density offsets (that result from variations 
in lithospheric age). When such FZ’s are placed in compression, subduction 
is initiated with rapid extension of the overriding plate (Gurnis et al., 2004). 
A transition from a state of forced to self-sustaining subduction is reached 
once the FZ has been underthrust by the older plate for 100–150 km (Gurnis 
et al., 2004).
The vertical displacements associated with FZ’s are also of geodynamic 
significance. The subduction of FZ’s appears to be linked with large earthquakes 
(Müller and Landgrebe, 2012). Müller and Landgrebe (2012) suggest the 
high degree of structural integrity present across the topographic variations 
associated with FZ’s causes persistent coupling along the subduction interface, 
thus influencing earthquake rupture dynamics. Although FZ-subduction 
intersection regions represent only 25% of coupled subduction zones, they 
are linked to 13 of the 15 largest (magnitude Mw ≥ 8.6) earthquakes (Müller 
and Landgrebe, 2012).
The above examples illustrate that FZ’s are an important component of the 
Earth’s tectonic system. However, while numerous studies have examined the 
interaction of FZ’s and the variable age of lithosphere along subduction zones, 
it has been difficult to incorporate and examine data from now subducted 
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segments of lithosphere. This is due to the absence of a robust method with 
which to constrain the location of presently subducted FZ’s and determine 
the age distribution of subducted lithosphere. 
Figure 1. Topography, bathymetry and fracture zones of western South America.
Fracture zones location from Johnston et al. (2011). Arc-parallel extent of the zones of flat 
Nazca slab are highlighted by red lines. Background image from the Global Multi-Resolution 
Topography data portal (Ryan et al., 2009).
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Attempts to constrain slab age usually involve some combination of extrapolation, 
arbitrary assumptions, and guesswork (e.g., Heuret and Lallemand, 2005; 
Cruciani et al., 2005). For example, an approach by Cruciani et al. (2005), 
following the methodology as described by Jarrard (1986), derived slab age 
by transferring the age gradient of the lithosphere approaching the trench 
onto the subducted part of the lithosphere. As such, uncertainty is introduced 
into the final measurements, and consequently the ages derived from such 
procedures have to be considered with caution (Cruciani et al., 2005).
Accordingly, we have developed a more direct method for estimating slab 
age. Our approach utilises open-source digital palaeo-age grid data (Müller 
et al., 2008). This data is placed onto a 3D model of subducted lithosphere 
through several steps, as follows: (i) construction of a 3D mesh model of 
the subducting slab; (ii) “reflotation” of this geometry back to the Earth’s 
surface; (iii) assimilation the refloated mesh into a tectonic reconstruction 
of the region and determine its location, prior to subduction; (iv) placement 
of the digital age grid onto the refloated mesh; (v) rotation of the refloated 
mesh back to its present-day position; (vi) and finally, transferral of the age 
grid data back onto the 3D model of the subducting slab. This process and 
the rationale behind it are explained in subsequent sections.
We applied our method for calculating slab age to the Andean subduction 
zone (Figure 1). The Andean margin accommodates approximately 90 mm/
year-1 of relative convergence between the South American and Nazca Plates 
(Dewey and Lamb, 1992), with subduction of the Nazca Plate accommodating 
the majority of this convergence (Figure 1). The Nazca Plate has several 
intra-oceanic FZ’s present along its eastern margin. These are, from north 
to south, the Grijalva (Gr), Mendaña (Me), Nazca (Na), Challenger (Ch), 
and Mocha Fracture Zones (Figure 1). We defined the location of these FZ’s 
from the database of Johnston et al. (2011). Significant age offsets exist along 
these FZ’s, as subsequently discussed.
 6–10
CHAPTER 6        NAZCA SLAB
The above FZ’s and associated age offsets are currently being subducted beneath 
western South America as features of the Nazca slab. The South American 
subduction zone has several characteristics that make it the ideal location to 
test our methodology. The distribution of earthquake hypocentres associated 
with the Nazca slab has been extensively studied (e.g., Swift and Carr, 1974; 
Barazangi and Isacks, 1976; Rodriguez et al., 1976), with the results clearly 
illustrating that the subducting lithosphere displays strong morphological 
variations along its arc-parallel length. Additionally, estimates of palaeo 
seafloor age of the Nazca Plate are robust for the time period required by 
this study (Müller et al., 2008). As such, our final determination of slab age 
can be viewed with more confidence than achieved with previous methods.
MORPHOLOGY OF THE SUBDUCTED NAZCA PLATE
The development of a 3D wireframe mesh of the subducted Nazca Plate uses 
the methodology outlined in Chapter 3 of this thesis. We utilise high-accuracy 
hypocentre data (Engdahl et al. [1998], and updates) and the moment tensor 
(CMT) <http:// www.globalcmt.org> catalogue. Such data is analysed within 
the eQuakes software (Lister et al., 2008), where we create a dense array (~10 
km spacing) of arc-perpendicular cross-sections. Using these cross-sections 
we delineate the upper enveloping surface of the seismicity associated with 
the subducting slab. The GOCAD® software is then used to combine this 
suite of 2D enveloping surface points into a 3D mesh.
The result is a mesh that tightly fits the upper surface of the seismicity of the 
Nazca slab, conforming on or near to the slab-asthenosphere interface. The 
output is not as smooth or planar as that seen within the Slab1.0 (Hayes et 
al., 2012) or RUM project (Gudmundsson and Sambridge, 1998) models. 
However, as explained by Lister et al. (2012), smoothing of a slab model 
suppresses local irregularities and thus introduces uncertainties as to what 
is real slab geometry or just a function of the methodology.
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Figure 2. Top-view of wireframe model of subducted Nazca Plate lithosphere present 
beneath South America.
Model developed from earthquake hypocentre data (refer to Chapter 3 of this thesis for an 
explanation of the method), with the blue-toned surface representing the upper-surface of 
seismicity. Horizontal contours are at 20 km intervals, with the thick black lines representing 
100 km depth contours. It can be seen that subducted Nazca lithosphere has two distinct flat-
slab zones, the Peruvian flat-slab from 3°S to 15°S, and the Pampean flat-slab, from 27°S to 32°S.
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Figure 3. Oblique-view of wireframe model of subducted Nazca Plate lithosphere present 
beneath South America.
View towards the southwest. See Figure 2 for explanation.
In summary, the broad-scale geometry of our 3D mesh conforms to that as 
presented by previous studies (e.g., Barazangi and Isacks, 1979). The arc-
parallel geometry of the Nazca slab varies considerably, with several zones 
of shallow and steep dips (Figures 2 and 3). As per Barazangi and Isacks 
(1976; 1979), there are five zones of relatively uniform dip (see Appendix 
6A). The northern segment, from 3°N-0°, dips at 25-40°. Beneath northern 
and central Peru the intermediate-depth dips flatten considerably, and range 
from 5-15°. From 15°S-26°S a steeper geometry is observed, with dips at 
25-40°. Further to the south, beneath central Chile, sub-horizontal slab dips 
are present, before the geometry transitions once again to an angle of >20° 
below southern Chile.
These two flat-slab sections are termed the Peruvian and Pampas flat-slabs 
(refer to Figure 1). Both these slab segments have been extensively studied. 
Gutscher et al. (1999a, b) analysed the seismicity of the Peruvian flat-slab, 
finding that the there are two buoyant sections connected by a lithospheric 
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‘sag’, located approximately mid way between relative highs at 3°S and 13°S 
(Figure 2). Further to the south, the Pampean flat-slab flattens at a depth of 
100 km, and extends inland for 300 km before resuming its descent into the 
upper mantle (Anderson et al., 2007).
The cause of these flat-slab segments is somewhat controversial. Gutscher et al. 
(1999a) suggest that the two flat-slab sections beneath Peru are supported by 
subduction of the Inca and Nazca Plateaux in the north and south, respectively. 
While the Pampean flat-slab appears to be present as a result of subduction 
of the Juan Fernandez Plateau (Figure 1). However, Skinner and Clayton 
(2013) dispute the assertion that flat-slabs are caused by the subduction of 
oceanic plateaux, but suggest that flat-slab segments are likely the result of 
a multitude of factors.
For this study, however, we are not concerned with what has given rise to 
the flat-slab subduction beneath South America, but rather the relation 
of these flat-slabs to the location of FZ’s and the age of the lithosphere. To 
examine this link we first have to bring the Nazca slab back to the surface, 
as described below.
‘REFLOTATION’ OF THE NAZCA SLAB
To refloat our 3D model of the Nazca slab we utilise the Orpheus refloating 
routines in the Pplates program (Lister et al., 2012) (refer to Chapter 3 of this 
thesis for a full explanation of the methodology behind the Orpheus routines). 
We find that the wireframe mesh of the Nazca slab can be refloated without 
major distortion (Figure 4). Through in-plane relative motion of the mesh 
nodes strain is reduced to a point where it becomes negligible. We do see 
some distortion associated with the northern part of the Peruvian flat-slab 
segment, as highlighted by the dull-orange colouration of mesh faces (Figure 
4b). However, it must be noted that such distortion is minimal, being only 
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Figure 4. Reverse engineering of subducted Nazca lithosphere.
(a) The Pplates application is utilised to undertake the refloating of a wireframe mesh model 
of the Nazca slab. As the mesh is brought to the surface strain energy is accumulated within 
the springs associated with the mesh faces. Viscous relaxation of stored strain energy allows 
mesh distortion. Distortion accumulates where an exact fit of the refloated slab to the Earth’s 
surface is not possible. Areal distortion of mesh faces is illustrated with zero distortion shown 
in green, solid red depicting greater than 5% contraction, and solid blue representing mesh 
faces extended by more than 5%. (b) In this instance the refloated mesh is shown in plan view. 
The accumulated mesh distortion demonstrates that the 3D model of the Nazca slab can be 
refloated without major distortion.
a. b.
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on the order of ~2% contraction. Through this we assume our 3D model 
of the Nazca slab to be an admissible interpretation of the “real” geometry 
the slab must display.
AGE OF THE NAZCA SLAB
The next step of our process involves incorporating our refloated mesh into 
a tectonic reconstruction of the South American region. This is the next 
step that “unsubducts” the Nazca slab: that is to say we have brought it to 
the surface, and next we must determine its horizontal location, relative to 
South America, before the modelled portion of the slab entered the trench. 
To achieve this we followed the plate circuit of Somoza and Ghidella (2012) 
(Table 1), recalibrating their data to the Gradstein et al. (2012) geological 
timescale. The motion of South America is constrained relative to Africa, as 
Nazca
Age	  (Ma) Lat Lon Angle Rela/ve	  to Ref
0.00 90.000 0.000 0.000 Antarctica Tebbens & Cande (1997)
4.90 48.230 260.250 -2.810 Antarctica Tebbens & Cande (1997)
11.1 52.66 260.58 -7.260 Antarctica Tebbens & Cande (1997)
16.0 53.01 260.61 -11.100 Antarctica Tebbens & Cande (1997)
South	  America
Age	  (Ma) Lat Lon Angle Rela/ve	  to Ref
0.00 90.000 0.000 0.000 Africa Müller et al. (1999)
2.7 62.20 -39.40 0.830 Africa Müller et al. (1999)
9.7 62.05 -40.59 3.180 Africa Müller et al. (1999)
19.0 58.77 -37.32 7.050 Africa Müller et al. (1999)
Antarc1ca
Age	  (Ma) Lat Lon Angle Rela/ve	  to Ref
0.000 90.000 0.000 0.000 Africa Lemaux et al. (2002)
9.779 11.60 -47.60 1.730 Africa Lemaux et al. (2002)
18.748 10.80 -46.00 2.700 Africa Patriat et al. (2008)
Table 1. Rotational parameters used in the kinematic reconstruction.
Rotation angles are in degrees (clockwise positive), with latitudes and longitudes in degrees.
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per Müller et al. (1999). Motion of the Nazca Plate is relative to Antarctica 
(Tebbens and Cande, 1997), while the motion for Antarctica is relative to 
Africa (Lemaux et al., 2002; Patriat et al., 2008), thus closing the circuit.
Using this reconstruction we determine the location of the individual mesh 
nodes of our refloated slab at 15 Ma, the time-point of first contact between 
the refloated mesh and the subduction trench. From here we place the 15 
Ma age grid of Müller et al. (2008) onto the refloated mesh, and rotate the 
refloated mesh back to its present-day “unsubducted” position (refer to 
Appendix 6B for a reconstruction displaying the palaeo-age grid relative to 
South America). The last step involves manually digitising the palaeo-age grid 
contours back onto our 3D model of the Nazca slab. The age grid is coloured 
to represent present-day ages, leaving us with a 3D model of the age of the 
subducted Nazca slab and the location of its FZ’s at depth (Figures 5 and 6).
50 703020 40 60
Figure 6. Oblique-view of subducted Nazca lithosphere overlain with palaeo-age grid data 
(Müller et al., 2008).
View towards the southwest. Scale is in Ma.
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Figure 5. Top-view of subducted Nazca lithosphere overlain with palaeo-age grid data 
(Müller et al., 2008).
The location of the five fracture zones on the Nazca Plate as analysed in this study is shown by 
the purple lines. The depth extent of these fracture zones is delineated by the observable ages 
offset. Scale is in Ma.
50 703020 40 60
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As seen within its 3D geometry, the Nazca slab displays a high level of arc-
parallel variation in its age. In the north, from 3°N-0°, the slab age ranges 
from ~0 Ma through to 35 Ma at depth. In the region of the Peruvian flat-
slab, from, the age for intermediate depth lithosphere associated with the 
northern flat-slab section (Gutscher et al., 1999a, b) is ~35 Ma, while the 
southern flat-slab segment is significantly older, being ~45-50 Ma in age. 
The steeply-dipping segment of lithosphere, located from 16°S-25°S, is aged 
between ~55 Ma through to +70 Ma at depth. Further to the south, the 
Pampean flat-slab segment is ~40-50 Ma, while the most southern extent 
of the Nazca slab is 0-25 Ma.
These results are in general agreement with that found in Wortel and Vlaar 
(1978). It appears that the flat-slab subduction beneath South America is 
linked to lithosphere aged between 35-50 Ma – classes 2 and 3B in Wortel 
and Vlaar (1978) – with the intervening steep subduction being much older. 
The subduction to the north of the Peruvian flat-slab segment, and south of 
the Pampean flat-slab segment, is interestingly both steep and very young, 
however does not extend to great depth (Figure 2). Again, this affirms the 
findings of Wortel and Vlaar (1978), whereby it is expected that lithosphere 
of young age (<20 Ma) rapidly attains gravitational stability, with resorption 
occurring at a shallow level explaining the lack of deep seismicity in these 
regions. However, while the age distribution of the Nazca slab is important, 
it is the location of the transition between ages and specifically the location 
of FZ’s that are of interest to this study.
FRACTURE ZONES AND SUBDUCTION ANGLE
We have plotted the location of FZ’s with respect to the dip of the Nazca slab 
(Figure 7), illustrating the location of the Peruvian and Pampean flat-slab 
segments. As detailed earlier, either side of the flat-slabs steep subduction 
angles are observed. However, of interest is the sharp transition from steep to 
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flat subduction. For example, the northern margin of the Peruvian flat-slab 
subducts at ~40° at intermediate depths, before switching to an angle of ~5° 
in the space of ~2° Latitude. Similarly sharp subduction angle transitions are 
observed on the southern margin of the Peruvian flat-slab, and also along 
the northern margin of the Pampean flat-slab (Figure 7).
Interestingly, the location of Nazca slab FZ’s appears to be spatially linked to 
the location of the sharp subduction angle transitions (Figure 7). The Grijalva 
FZ marks the northern margin of the Peruvian flat-slab, while its southern 
extent correlates to the location of the Nazca FZ. Further, the Challenger 
FZ is present along the northern margin of the Pampean flat-slab. The two 
other FZ’s present on the Nazca slab, the Mendaña and Mocha FZ’s, are also 
associated with, albeit less significant, transitions in subduction angle.
dip
lat
Gr Me Na Ch Mo
Figure 7. Location of fracture zones with respect to the dip of the Nazca slab.
Data points define the dip of the Nazca slab at various distances from the subduction trench. 
Transitions from steep to flat subduction are sharp, and are also spatially associated with the 
location of subducted fracture zones.
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From this the question arises: is the spatial association between the location of 
FZ’s and subduction angle transitions causal, or merely coincidental? Firstly 
we have to consider if FZ’s are strong, locked features, or alternatively major 
anisotropic structures displaying low (<20 MPa) yield strengths capable of 
accommodating deformation.
Historically there was some disagreement and ambiguity regarding the 
strength of FZ’s, and thus the topic deserves some consideration here. Early 
work concluded that fracture zones are inherently weak and susceptible to 
seismic slip and volcanic activity. Linear belts of volcanic activity on the ocean 
floor were often used define the extent of FZ’s (e.g., Mammerickx and Smith, 
1982). There are many examples of hotspot volcanism being channelled to 
the surface along FZ’s, including the Canary and Cape Verde Islands (e.g., 
Vogt 1974), and Ninety East and Louisville Ridges (Watts and Ribe, 1984).
Additional evidence for FZ weakness was provided by studies of intraplate 
seismicity and vertical motions. Bonatti (1978) provided examples of FZ’s 
that have undergone very large vertical motion. For instance, the Romanche 
FZ of the Mid-Atlantic was found to have subsided at a rate of more than 
two orders of magnitude faster than would be expected of crust of a similar 
age, indicating weakness (Bonatti, 1978). Further, Okal (1983) showed that 
old fracture zones can be the site of large earthquakes, indicating that they 
are relatively weak compared to the surrounding lithosphere.
The concept of weak FZ’s is disputed by studies showing bathymetric data 
that are suggestive of limited vertical displacements (e.g., Sandwell and 
Schubert, 1982). Sandwell and Schubert (1982) showed that in many cases 
the scarp height associated with FZ’s is frozen-in at the time of formation 
at the spreading ridges. It was suggested that regions of anomalous scarp 
height can be explained with models of lithospheric flexure, indicating FZ’s 
have some resistance to failure (Sandwell and Schubert, 1982).
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The data of Sandwell and Schubert (1982) can be explained if one assumes 
that individual segments of FZ’s can display differential strength over short 
timescales. This is a plausible hypothesis, as different sections along a FZ 
can exhibit contrasting thermomechanical behaviour (see discussion within 
Lowrie et al., 1986). Further, segments of FZ’s may be serpentinised (e.g., Dick, 
1989), sufficiently weakening the fault plane and promoting slip (Escartin et 
al., 1997). The presence of seawater at high pore pressures (near lithostatic 
levels) would further reduce the friction coefficient (see discussion within 
Hall and Gurnis, 2005) along particular sections of a FZ.
In summary, a number of independent data support that some segments, 
if not entire lengths, of old FZ’s are weak compared to the surrounding 
lithosphere, and thus and vulnerable to displacement. If we follow this line 
of thought it could be assumed that vertical motion along a FZ could also 
occur once the oceanic lithosphere is subducted. The likelihood of such 
deformation occurring is enhanced when we consider the forces involved 
in the bending of the lithosphere during its descent into the mantle.
Figure 8. Schematic view of two alternative hypotheses for subduction geometry.
(a) represents the commonly proposed model, whereby the transition from steep to flat 
subduction is smooth and gradual. (b) the model proposed by this study, whereby vertical offset 
along subducted fracture zones accommodates some of the deformation associated with the 
transition from steep to flat subduction. Location of the subducted fracture zone illustrated by 
the red line. See text for discussion.
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As discussed above, segments of lithosphere with differing ages, as is 
often the case either side of a FZ, are shown to behave differently. When 
heterogeneities on the subducting slab, such as aseismic ridges, are involved, 
these differences in the geometrical evolution of individual slab segments 
may be enhanced. Consequently, there are zones on the subducting slab 
that have to accommodate sharp changes in geometry and stress states. We 
propose that FZ’s could act as structural weaknesses that accommodate such 
geometrical transitions (Figure 8). As opposed to a smooth transition in 
arc-parallel slab dip, we suggest that at least some deformation of the Nazca 
slab may be expressed as vertical displacement along FZ’s. 
Ideally, the theory for FZ displacement and subduction angle as presented 
here requires high-resolution seismological data confirming the presence of 
vertical slip vectors located in the vicinity of subducted FZ’s. Further, testing of 
the theory in other subduction zones needs to be conducted. Heterogeneous 
subduction morphologies are present throughout the Earth’s subduction 
zones, and the methods detailed within this study could be easily applied to 
such regions. While a full exploration of this approach is outside the scope 
of this particular study, we presume that our direct method for calculating 
slab age and FZ location could uncover important geodynamical links and 
help explain some of the complexity observed throughout subduction zones. 
CONCLUSION
In this study we have undertaken a new approach to examining the variable 
nature of subducted lithosphere. Previous attempts at determining the age of 
subducted lithosphere have been difficult due to a scarcity of reliable palaeo-
age data, and a lack of geological software capable of processing such data. 
Two advances have facilitated the development of our method: (i) the creation 
of reliable age data for the ocean basins that use the preserved history as 
recorded on one plate to deduce the history of the formerly adjoining plate; 
 6–23
CHAPTER 6        NAZCA SLAB
and (ii) the development of software that allows subducted slab geometries 
to be brought back to the Earth’s surface. This has allowed us to directly 
position data onto the subducting slab. We find that FZ’s on the Nazca slab 
are spatially associated with sharp transitions in slab dip. We tentatively 
suggest FZ’s on the subducted slab could, in fact, be the site for vertical 
displacement, thus accommodating some of the deformation associated with 
the transition from steep to flat-slab subduction. However, we emphasize that 
this theory needs further analysis. Such analysis would require subduction 
systems with well-defined Wadati-Benioff Zones, while robust palaeo-age 
data are critical (see Rowley, 2008). The subducted portions of the Juan de 
Fuca and Cocos plates fit these criteria.
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Appendix 6A
NAZCA SLAB DIP DATA
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Lat° 100	  km 200	  km 300	  km 400	  km 500	  km 600	  km 700	  km
5 15 37 37
4 26 36 37
3 24 30 40 41
2 27 29 39 43 43
1 27 27 34 41 42 37
0 25 32 35 38 41 40 55
-1 26 31 27 35 43 36 35
-2 21 21 22 29 41 57 52
-3 19 16 7 7 21 33 51
-4 20 16 8 5 7 14 31
-5 21 19 11 5 5 6 20
-6 19 19 13 8 4 8 17
-7 18 19 14 10 5 8 19
-8 19 21 12 5 5 11 23
-9 21 20 14 4 7 11 40
-10 20 18 18 8 7 16 44
-11 20 20 24 7 11 26 45
-12 22 21 15 8 13 27 43
-13 19 19 14 4 12 36 52
-14 20 21 18 4 12 37 48
-15 19 23 18 12 21 33 36
-16 21 24 24 24 32 38 47
-17 23 25 30 34 38 36 39
-18 17 19 33 34 36 37 43
-19 15 28 30 38 32 44 51
-20 21 28 30 29 30 43 52
-21 21 24 28 28 29 42 49
-22 18 22 26 30 32 41 48
-23 16 21 23 29 36 47 49
-24 17 20 19 26 41 48 50
-25 20 21 20 28 38 46 51
-26 26 22 19 24 35 45 52
-27 29 18 12 16 35 41 51
-28 26 20 10 9 19 41 46
-29 23 23 10 3 12 23 41
-30 27 23 7 4 8 18 31
-31 27 20 7 2 10 10 42
-32 22 20 2 14 22 45
-33 20 20 16 25 27
-34 18 19 24 30
-35 17 19 25 30
-36 17 19 23 28
-37 18 20 23 26
-38 19 21 23 26
-39 20 22 23 18
-40 21 21 23 19
-41 21 21 23 21
-42 21 22 27 21
-43 23 18 21
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Appendix 6B
SOUTH AMERICA-NAZCA 
RECONSTRUCTION
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Chapter 7
CONCLUSIONS
It is not easy to give an accurate and comprehensive 
definition of the science of Geology; for its nature is so 
complex and various, that it is difficult in a few words 
either to specify its object or to assign its limits.
 Joseph Beete Jukes, The Student’s Manual 
 of Geology (1872)
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Foreword
This chapter provides some brief concluding remarks regarding the rationale 
of 4D tectonic reconstruction. We suggest that this thesis illustrates the need 
for a new generation of tectonic reconstructions that more fully account for 
the fluid movements of orogens and geometrical histories of subducting 
lithosphere. We also list some examples of where this work could be expanded. 
This chapter was written by myself, and reviewed by Professor Gordon Lister.
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The intention of tectonic reconstruction is to provide a framework for 
synthesising and integrating a diverse range of geological data into coherent, 
self-consistent geodynamic models. Early efforts in this field utilised scale-
models and physical analogues. For example, Carey (1958) tested various 
scenarios by fitting and rotating scale-versions of crustal fragments about a 
globe. Such models made substantive contributions towards the plate tectonic 
theory. The study of Bullard et al. (1965) is an eminent example that built 
upon this early work by undertaking a numerical approach to reconstruction, 
and quantifying the fit between the continents bordering the Atlantic Ocean.
The intervening 40 years since such pioneering work has seen an explosion 
in the availability, quantity, and quality of geological data with which to 
resolve geodynamic evolution, with the kinematic constraints derived from 
magnetic isochrons being one such example. However, the advances made 
in geological data acquisition and processing have not been matched by 
our ability to integrate such information into tectonic reconstructions. For 
instance, we now have studies detailing crustal deformation (e.g., Long et al., 
2011) and global subduction zone geometries (e.g., Hayes et al., 2012). Yet 
how frequently are such data quantitatively incorporated into reconstructions 
of Earth’s past tectonic configurations?
Currently, the rotation of rigid blocks about the Earth’s surface (e.g., Seton et 
al., 2012; Vérard et al., 2012) is still the dominant methodology behind the 
creation of a reconstruction. While indisputable evidence exists for continental 
deformation and tearing of subducting lithosphere, little attention has been 
given to methodically incorporating such events into tectonic reconstructions.
This thesis has attempted to make some initial steps towards truly 4D tectonic 
reconstruction. Such a philosophy endeavours to incorporate the dynamic 
nature of orogenic belts and subducting lithosphere into kinematic models of 
specific regions. We have applied this conceptual approach to individual studies 
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of South America and SE Asia. In our example of Northern Melanesia, we 
illustrate that accounting for subducting lithosphere and crustal deformation 
can lead to substantial revisions of kinematic evolution. Further, we show 
that 3D geometry can be used to determine 4D progression, such as the 
tearing and detachment involved in the subduction of the Solomon Sea Plate.
We have also striven to illuminate some of the complexities involved as 
subducting lithosphere plunges into the mantle. Studies of subduction zones 
frequently encounter challenges associated with the “removal” of information 
as it subducts. However, our methodology for refloating slabs provides an 
avenue for alleviating this situation. We provide an example by illustrating 
that some of the morphological complexities associated with the Nazca slab 
can potentially be explained by undertaking such an approach.
The examples provided within this thesis show that even though the method is 
still in its infancy, 4D tectonic reconstruction can be used to make important 
discoveries. It is hoped that in the near future geodynamic models depicting 
kinematics in a simple 2D + time context will be deemed insufficient. Such 
approaches are surely misrepresenting important geological events, such 
as placing ore bodies in the wrong place at the wrong time, or proposing 
geometrically incompatible scenarios of slab evolution.
We live in a time of vast amounts of open-source data and ample computing 
power with which to harness it, so a new wave of discoveries advancing our 
understanding of the plate tectonic theory must surely be on the horizon. To 
make the development of sophisticated 4D models a reality, further effort 
needs to be centred on developing the links and compatibility between 
geological and geophysical software packages. As the introduction of this 
thesis highlighted, there are many competing software available, however 
with much overlap and little interoperability.
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Regarding more specific needs, there are several areas related to this 
study requiring further research. Firstly, the SE Asian region needs to 
be reconstructed using the kinematic constraints afforded by subducted 
lithosphere and crustal shortening/extension. This is a complex and relatively 
poorly understood region, however the data to undertake this already exist. 
Secondly, numerous models depicting global slab morphologies are available 
(e.g., Hayes et al., 2012). Refloating these 3D models would surely reveal 
some important geometrical discoveries regarding slab evolution, and also 
determine if the models themselves are admissible interpretations of the 
seismic data. The Japan-Kuril and Tonga-Kermadec subduction systems are 
characterised by well-defined Wadati-Benioff Zones and subsequently would 
be obvious candidates for such analysis. Finally, in this study we proposed a 
methodology for creating 3D models of slab age and structure. Application 
of this methodology on a global scale would test our theory that changes 
in slab morphology and fracture zones are linked, but more importantly it 
could provide important answers as to the diverse and complex nature of 
Earth’s subduction zones.
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